ABSTRACT

WILLERT, JEFFREY ALAN. Hybrid Deterministic/Monte Carlo Methods for Solving the
Neutron Transport Equation and k-Eigenvalue Problem. (Under the direction of C.T. Kelley.)

The goal of this thesis is to build hybrid deterministic/Monte Carlo algorithms for solving the
neutron transport equation and associated k-eigenvalue problem. We begin by introducing and
deriving the transport equation before discussing a series of deterministic methods for solving
the transport equation. To begin we consider moment-based acceleration techniques for both the
one and two-dimensional fixed source problems. Once this machinery has been developed, we
will apply similar techniques for computing the dominant eigenvalue of the neutron transport
equation. We’ll motivate the development of hybrid methods by describing the deficiencies
of deterministic methods before describing Monte Carlo methods and their advantages. We
conclude the thesis with a chapter describing the detailed implementation of hybrid methods
for both the fixed-source and k-eigenvalue problem in both one and two space dimensions. We’ll
use a series of test problems to demonstrate the effectiveness of these algorithms before hinting

at some possible areas of future work.
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Chapter 1
Introduction

The goal of our work is to construct, or improve, methods for solving the neutron transport
equation in the most efficient and precise manner possible. This equation governs the distri-
bution of neutrons in space, angle and energy and its solution is essential for constructing and
calibrating nuclear reactors, radiation shielding, medical imaging, and a wide range of other
applications. Generally, we let (7, F, Q, t) dV dQ) dE dt denote the total path length traversed
by all particles within some differential volume dV about the position 7 in R?, with energies
within dE about F, traveling in directions d$) about during a time dt about ¢t. In the most

general case, the neutron transport equation is

109

-y + Q- VY + 54(F, E)(F, E, Q1)

/dQ’/ dE'Ss(E' — E,Q — Q) (7, E', O t) +
47

Et . .
X(T / dE’/ AV v(F B S (7 B (7 B Q) + s(7, B, Qu ), (L1)
4

where 77 = (z,v, z)T describes the position within the medium. Q) describes the direction that

particles are traveling. We represent integration over all directions in the following manner:

2 pm
/ - dS E/ / - sin(f)dfdw
4m 0 0

The function s is a known source. We also must specify a boundary condition
D (7, B, Q1) = y(7s, B, t) (1.2)

for Q- é, < 0 for all 7, on the surface in the case of a non-reentrant boundary where é; is the

unit outward normal. Throughout this thesis, we will assume all boundaries are non-reentrant.



For the time dependent form, we must also specify an initial condition:
W(7, E,Q,0) = (7, E, Q). (1.3)

Before we continue, let’s discuss the derivation of the neutron transport equation [7].

1.1 Deriving the Transport Equation

Our goal in this study is to determine the distribution of neutrons in a system. Given some
system configuration, we need to be able to accurately predict the balance of neutrons and this
can be accomplished by solving the neutron transport equation. However, before we can use this
equation, we must understand every piece of it. To aid in our understanding of the equation,
we’ll go through a step by step derivation. We can describe the distribution of neutrons in
space, angle, and energy by a function n = n(7, E, Q, t).

The balance of neutrons in a reactor is governed by the material composition within the
reactor as well as the way in which neutrons interact with matter, neutron sources and contri-
butions from external boundaries. It should be clear that neutrons will interact differently with
different materials based upon their physical structure. It will be beneficial in our study to
begin this derivation by looking at several material properties that, in effect, help us describe

the distribution of neutrons in a system.

1.1.1 Basic Definitions

When a neutron undergoes an interaction with matter, several things can happen. First, the
neutron can scatter. By this we mean that the neutron hits a nucleus and bounces off with
a new direction and energy. Secondly, a neutron can be absorbed by a nucleus. In some
absorption reactions, the nucleus can undergo fission and produce more neutrons. For now,
we’ll simply stick with these three options: scattering, absorption, and fission. We begin with

a few definitions:

Definition 1. Y, is called the macroscopic scattering cross-section. Y is equal to the probability

of undergoing a scattering reaction per unit path length traveled.

Definition 2. X, is called the macroscopic absorption cross-section. Y, is equal to the proba-

bility of undergoing an absorption reaction per unit path length traveled.

Definition 3. X is called the macroscopic fission cross-section. Xy is equal to the probability
of undergoing a fission reaction per unit path length traveled. The quantity v denotes the mean

number of neutrons created per fission event.



Definition 4. 3; is called the macroscopic total cross-section and is equal to g + Xg. Xt can
be interpreted as the probability per unit path length traveled that a neutron will incur a reaction

with a nucleus in the medium.

Let us discuss these three cross-sections in a bit more detail before moving on. First, it
is important to note that X, ¥, and X; are all functions of energy, position, and time. In
addition, > is a function of the incoming angle, as well as the post-interaction angle and
energy. It makes sense that these quantities should differ for different materials that comprise
the reactor. Furthermore, as the energy of a neutron changes, its speed changes and this will
affect the probability of undergoing various types of reactions. Lastly, as time progresses, the
material properties of the reactor will change. This is immediately clear when we consider the
burn-up of fuel or heating of materials. For this reason, we usually represent 3, = (7, E, t) and
follow a similar convention for ¥, and X,. The scattering cross-section has a more complicated
representation and will be discussed in greater detail later.

In order to understand these cross-sections further, let us look at a simple example. Suppose
Ys/2, = 9. This tells us that on average, in an infinite medium a neutron will undergo 9
scattering interactions before it is absorbed. If ¥;/%, = 9, we can see that ¥,/%; = .9. This
tells us that given an interaction, the probability that the neutron scatters is .9.

Let us further examine the quantity >»,. X, refers to the probability of undergoing an
absorption reaction per unit path length. Now, if we let v denote the speed of a particle, we
can see that X v is equal to the mean number of absorption reactions per second. If we have
n neutrons per cm?, Y un is equal to the absorption reaction rate density, that is, the rate at
which neutrons are being absorbed per cm?®. Then, if V' represents some volume in the reactor,
VudYan represents the loss rate in that volume due to absorption.

Let v be equal to the average number of neutrons created per fission event. Then, the
quantity VuXsvn is equal to the fission production rate in V, or the rate at which neutrons
are produced due to fission. This type of analysis will help us throughout our derivation of the
neutron transport equation.

As previously mentioned, Q) refers to the direction that a neutron travels. In general Q=
Q(6, w) = [sin(0) cos(w), sin(f) sin(w), cos(d)]”. We notice that €2 is a unit vector in the direction
of motion.

During a scattering reaction, it is common for both energy and direction to change. Gen-
erally, we let E and Q represent the initial energy and direction, respectively, and E’ and QY
denote the energy and direction after the collision. For this reason, X, = ,(E — E, 0 — Q).
However, we can break this scattering cross-section down into more understandable pieces.

In general, we can say that Y (E', QY — E,Q) = S,(E') - P(E',QY — E,Q), where 3,(E')
is the probabilily that a neutron with energy E’ will scatter when it undergoes an interaction.

P(E', QY — E,Q) is the probability that, given a scattering reaction occurs, the particle will



change direction from Q' to Q and change energy from E’ to E. Using our knowledge of

probability, it is easy to see that
/OOO dE i dQP(E' QY — E,Q) = 1. (1.4)
Now, we can see that
/OOOdE | dOS,(E' - E,Q— Q) = /0de ) dO%,(E) - P(E', QY — E,Q)
= X, (E) /Do dE | dQP(E', QY — E,Q)
I 0 4m
1.1.2 Derivation

As was previously mentioned, n(7, O, E, t) is the neutron density function, sometimes referred
to as the neutron distribution function. This function n is such that n(7, Q, E.t) d’r dQ) dE
is equal to the expected number of particles in some volume d®r about 7, with energies in dE
about F, traveling in directions dQ) about 2 at time ¢.

In order to derive the transport equation, we need a balance relation describing the move-
ment of neutrons in phase space. Let us define a volume in phase space, P. Our phase space
consists of 3 variables (6 dimensions), 7, Q, and E. We will refer to the quantity d>r dQ) dE as
the differential volume in phase space.

In its most basic form, the neutron balance equation can be given by:
[change rate in P] = [neutrons entering P] — [neutrons leaving P].

If we want to determine the number of neutrons in P, we can integrate n(7, Q, E,t) over the
spatial volume AV, range of directions AQ and energy range AF. Let us define N(¢) as the

number of neutrons in P at time ¢.

N(t) —/AV /AE /AQ n(7,Q, E, t)dQdEd®r (1.5)

Now, we can represent the change rate in the phase volume P as dN/dt.

Methods in which neutrons can enter the phase volume P:
1. Neutrons can be supplied by an external source

2. Neutrons can enter due to fission



3. Neutrons can scatter into the phase volume (inscattering)

4. Neutrons can leak into the phase volume (neutrons change location in space)
Methods in which neutrons can leave the phase volume P:

1. Neutrons can scatter out of the phase volume (outscattering)

2. Neutrons can be absorbed in the phase volume

3. Neutrons can leak out of the phase volume (neutrons change location in space)

If we can describe the rate at which all of these gains and losses occur, we will have a balance
relation describing the distribution of neutrons in phase space. We will derive some of these
terms, while others will simply be given. For most terms, the derivations are quite similar.

We’ll look at each term in the equation in terms of gains and losses.

Gains

1. External Source: This requires no formal derivation. This is simply a source term
describing the rate at which neutrons enter the phase volume due to an specified external
source. When solving the transport equation, this will be considered data like the mate-

rial properties in the system. This source is described by:

# of neutrons

Seat (7, B, ) = (1.6)

cm3 - MeV - ster - sec
where MeV stands for mega-electron volts and ster stands for steradians, the SI unit of
solid angle, the three-dimensional analog to radians which describe the span of an angle

in the plane.

Now, the rate at which neutrons enter the phase box due to this external source is given

by:
/ &r / i / 4 St (7 QL B, 1) (1.7)
AV AFE 69

2. Fission Source: Recall that ¥ is equal to the number of interactions per unit path
length of a neutron and v(E)X is equal to the interaction rate per neutron (here v = v(E)
since the speed is exactly determined by the energy of a neutron as it is assumed to behave

like a classical point particle) [21]. Now, the quantity

v(E)S 4 (F, E, t)n(7,Q, B, t)d>rdQdE (1.8)



represents the fission rate in d>r about 7 caused by neutrons with energies within dF
about E with directions d$ about  at time . Thus,

/ di’w/ dE/A 40 o(B)S (7, E, On(F,Q, B, 1) (1.9)
AV AE 9]

describes the fission rate within the phase box. However, we are not just interested in
the fission rate within the phase box, we are interested in the rate at which neutrons are

produced due to fission within the phase box.

We can see that the number of neutrons produced due to fission events in d*r about 7
caused by neutrons with energies in dF about E and with directions dQ) about Q at time
t is given by

(7, B, t)2(7, E, t)o(E)n(F,Q, B, t) dr d) dE (1.10)

where, as a reminder to the reader, v is the mean number of fission neutrons produced

per fission event.

This is not enough to determine how many neutrons are entering the phase box, however.
We must know more information about the neutrons being produced; we must know the
direction they are traveling when they are produced as well as their energy. We can
assume that the fission neutron directions are distributed isotropically. That is, there
is no preference of direction for fission neutrons, or one could say that there is equal
probability of having any initial direction when produced due to fission. However, fission
neutrons may be born with a variety of energies, and this spectrum is described by x(FE).
Therefore, x(E)dE describes the fraction of fission neutrons born with energies in dFE
about E. Now, we’re able to described the rate at which neutrons enter the phase box

due to fission. This quantity is given by:
 v(E) [ . .
/ d3r/ dE/ Q) X()/ dE’/ dY V(7 B )5 (7, B (B )n(7, Y B 1)
AV AE 50 am - Jo An
It is important to make the distinction in the above quantity, £’ describes the energy of

the neutron causing the fission event, while F describes the energy of the fission neutrons.

. Inscattering: The term inscattering refers to neutrons which scatter into the phase
volume. This essentially means that after undergoing a scattering reaction, the neutrons
have angles in AQ about O and energies in AF about E. Given the previous derivations,

this quantity is relatively easy to describe:

/ d%/ dE dQ/ dE’/ dY 37 E' QY — B, Q tw(E)n(F,Q, E't)
AV AE AQ 0 dx



The term above describes the rate at which neutrons scatter into the phase box.

4. Leakage into the Phase Box: Leakage into and out of the phase box will be handled

simultaneously in its own section.

Losses

1. Absorption: When neutrons undergo collisions, it is possible that the neutron is ab-
sorbed. Recall that the quantity

Yo7 E t)v(E)n(F,Q, E,t)

is the rate at which neutrons are absorbed per cm®. Therefore, the rate at which neutrons

are absorbed within the phase box is given by
/ d3r / dE | dQ Su(7, E, t)w(E)n(7,Q, E,t).
AV AE A

2. Outscattering: The term outscattering refers to the loss of neutrons which begin inside
the phase volume but leave the phase volume due to scattering. This quantity is far more
simple than the inscattering term because we do not concern ourselves with the final
direction and energy of the scattered neutrons. We only care about the rate at which
neutrons scatter within the phase volume. While some neutrons may undergo a scatter
and remain within the phase volume, this quantity is taken care of in the inscattering

term.

We can describe the rate at which neutrons outscatter by
/ d%/ dE | dQ S(F, E, t)v(E)n(7,Q, B, t).
AV AE AQ

Leakage

Instead of computing different quantities as far as gains and losses, we will instead derive one
term that incorporates the net leakage of neutrons in our system.

Consider some arbitrary surface dS with unit normal vector ¢;,. We can describe the net
rate at which neutrons cross the area dS around 7 having energies within dF about E, traveling

in directions within d{2 about ) at time ¢ by

Q- e, v(E)n(F, E,Q,t) dS dE dS.



Now, the rate at which neutrons leave the phase box is given by

~

/ ds/ dE | dQ Q- e, v(BE)n(F, E,Q,t)
Sav AE AQ

where Say denotes the surface of AV. If we apply the divergence theorem, we can get this

quantity in more recognizable (and useful) terms:

/ d%/ dE [ dQ Q- Vu(E)n(F, E,Q,t)
AV AFE AQ

1.1.3 The Transport Equation

Now that we have all of our gains, losses and leakage terms, we can put it all together to form

the neutron transport equation. We will write this as:
[rate of change]| + [loss rate] = [gain rate]. (1.11)

‘We have:

. P B Q1) .

/ dgr/ dE ds) M-FQ-VU(E)TL(F,E,QJ)
AV AE AQ ot

+ 2, (7, B, t)o(E)n(7, Q, E, t) + S (7, E, t)o(E)n(7,Q, E, t)

:/ d3r/ dE dQ/ dE’/ dQY S (7 E' QY — E,Q,t)u(E)n(7, Q) E',t)
AV AE AQ 0 Ax
CXE) T 0m [y B0 B Yo (B (7 B )
A 0 i r, ; £\, yU)U n\r,as, )
+ Sext(Fv Qv Ea t)

Since AV, AE and AQ are all arbitrary we can conclude that the two integrands are

equivalent everywhere within our domain. Thus, we have

~

on(r, E,€),t)

o + Q- Vo(E)n(7, E,Q,t)

+ 34(7, E, t)w(E)n(7,Q, E, t) + 3o (7, E, t)o(E)n(7,Q, E, t)
:/ dE’/ dQY S(F E' QY — B, Q, t)w(E)n(F,Q, E' t)
0 4
X(E) o / A1 S R / A
+ e dE asYy v(r, B, )5 (7, E ) v(E")n(r, Y, B t)
T Jo An

+ Se:pt("?a Qa Ea t)



Furthermore, we know that ¥, + X, = ¥, we can simplify slightly

W + O Vo(En(F, B, 0, ) + Su(F, B, )o(B)n(F, 9, E, 1)

(o]
- / dE’ / A S B, — B,Q, )0(E)n(F, Y, E 1)
0 A
X(E) [, A/ S . N (= A S A
+ o dE dsY v(r, E' ) S (r, B, ) o(E)n(r, Q' ', t) 4+ Sext (7,2, E, 1)

a 0 A7

Now, we see that most terms include the quantity v(E)n(7, E, Q, t). We generally simplify

the transport equation by defining (7, E,Q,t) = U(E)n(F,E,Q,t). 1 is referred to as the

angular flux. Substituting this quantity into the transport equation yields the following integro-

differential equation:

1 oY(F E,Qt) . . ) o
U(E) 8t + Q ’ V/(/](r’ E7 Q7t) + Zt(r7 E7 t)w(’]", E7 Qy t)

:/ dE’/ dQY S (F E' QY — B, Q )7, E O t)
0 47
P B t) [ R R R
+X(C’l’)/ dE’/ dY v(F, E' )55 (7, E' U )p(F, B Q0 t) 4 Sear (7, B, ) (1.12)
™ 0 47

We will refer to Equation 1.12 as the three-dimensional, time-dependent, energy-dependent,
angularly-dependent neutron transport equation, or the 3-D neutron transport equation for
short.

1.1.4 Initial and Boundary Conditions

It is also important to develop boundary conditions for the neutron transport equation. We’ll

focus primarily on three types of boundary conditions [21]:

1. Known surface source
2. Vacuum boundary conditions (no incoming neutrons)

3. Reflective boundary conditions

We'll discuss each of these boundary conditions in the following sections.

Known Incoming Surface Source

The first example of an explicit boundary condition comes from a known incoming surface

source. In this case, we specify some distribution of neutrons for each 7 on the boundary,

~

W(7, QB t) =4(F,Q, B, t), (1.13)

Ne)



in which 7 - Q < 0 where 7 is the outward directed normal to the surface at the point .
Vacuum boundary conditions are a second example of explicit boundary conditions and are
special case of the known incoming surface source in which 1; = 0. We will commonly use

vacuum boundary conditions throughout our discussion for the remainder of this thesis.

Reflective Boundary Conditions

The only implicit boundary conditions which we will consider are reflective boundary conditions.
In this case, the incoming flux from the boundary is set equal to the outgoing flux at the same

location with the angle reflected [21]. Mathematically speaking, we write

~

V(7 QB t) = ¢(F, Y, ELt), (1.14)
in which 7 is on the boundary, - Q < 0 and
n-Q=—n-Q and (A x Q) -2 =0. (1.15)

Initial Condition

For the initial condition, we must simply describe the initial distribution of neutrons in phase
space,

(7, Q, E,0) = (7, Q, E). (1.16)

1.2 Discretizing the Transport Equation in Energy and Angle

In general, we cannot solve Equation 1.12 in its continuous form. For this reason, we must
discretize the Equation 1.12 in time, energy, angle and space. For the majority of this thesis
we will concern ourselves only with solving the time-independent problem, so let us drop the
time dependence in Equation 1.12:

Q.Vw(F,E,Q)+Et(F,E)¢(F,E,Q):/ dE’/ dQY S (7 E' QY — E,Q)(F, E' )
0 47

X(E)

+5 / dE' [ dY v(F B2 (7, EV(F, B, Q) 4 Set (7, Q, E)  (1.17)
T Jo 47

1.2.1 Energy Discretization

We'll first discretize the Equation 1.17 in energy and, once that is complete, discretize in angle.
To do so, we'll follow the method described in [21]. To begin, let’s divide the energy spectrum
into G energy ranges, [Eq, Eq—1], [Ec-1,FEqg-2|, ... , [Eq,Eq—1], ... , [E1, Eo], where Eg = 0

10



and Ej is to be chosen sufficiently large such that the number of particles with energies higher
than Ey may be disregarded.

We say that a neutron is in group g if its energy lies in the interval [Ey, E;_;]. Our goal with
the “multigroup” approximation is to determine the angular flux, 1, in each of the G' groups.
We'll define the group angular fluz, 14, by

Eg 1 R

1/;9(7?,(2):/ (7, Q, E) dEE/q/z(F,Q,E) dE. (1.18)

E, g

Furthermore, we wish to define the multi-group cross-sections in such a way that we preserve
reaction (total, fission, scattering, absorption) rates in each group.

Now, the energy integrals in Equation 1.17 can be represented

0o G
/ .dE’ZZ/.dE’.
0 g'=1 g’

With this in mind, we’ll integrate Equation 1.17 over a single energy group, g, and we find

0. [aB o 2.0 + [ a8 55 B . 0)
g

g

G
_ Z/dE/ dE’/ dY (7 E' QY — E,Q)(7F, E' )
—179 g’ 47

g/

G
X(E) /
+/ng47T E /,dE
g=1"9

dSY (7, B S (F, BV (7, E', Q) + / dE S.p (7, QL E) (1.19)
47 g

As in [21], let us suppose that the group angular fluxes are separable in energy. That is,

1/}(7?7 Q, E) - f(EWg(ﬁ Q), (1'20)

for all £ € [Ey, E4—1]. We interpret f(F) as a normalized weighting function (a distribution of
the particles throughout the energy interval) such that

/dE fE)=1.

9

11



Now, we can substitute Equation 1.20 into Equation 1.19 and we obtain

Sig(r) = | f(E)S(F, E) dE (1.22)
g
VeE1e(P) = | [(E)(7, E)S(7, E) dE (1.23)
g
Yegsg(THQ Q) = /dE dE'f(E" (7, E' — E,Q -Q), (1.24)
g g’

Xg = /gx(E) dE (1.25)

Seatg (7, Q) = / S (7,0, E) dE. (1.26)
g

Using Equations 1.22 - 1.26, we can simplify Equation 1.21 and obtain the multi-group

transport equation

G
Q- Vg (7, Q) + Sy g0y (7, Q) = Sear,g (7, Q) + > / AV By g (7, Q0 — Q)i (7, )
g'=1 47
G

+31<Tgr 2 / dY vy Spg (Fiby (7,Q)  (1.27)
g/:1 ™

12



1.2.2 Angular Discretization

In multiple dimensions, we begin the angular discretization process by representing the angular

flux in terms of spherical harmonics

00 l
WP =) v(Q (1.28)
=0 m=—1
where Y] ,,, is given by [21]
A 2+ 1)l —m)! :
Y, () = P (p)em 1.29
(@) = EERO T e (1.29)

in which p is the cosine of the polar angle, 8, and w is the azimuthal angle from spherical coordi-
nates. Spherical coordinates are the natural way to represent angles in three space dimensions.

Here, P/™ is the associated Legendre function defined by the formula

P (p) = (=1)"(1 - )mﬂj—mmﬂ( ) (1.30)

in which P?(u) = P,(u), the I'" Legendre polynomial. With this definition, we see that the

spherical harmonics are orthogonal in the sense that
/dQ Yz,m(Q)le;‘:m’(Q) = 4775[1’5mm’- (131)

Furthermore, the Legendre addition theorem [21] states

l

Plpo) = P(Q- @) = 3 %ilnm(fzm,m(@'). (1.32)

m=—

~

Now, we may represent the group-to group scattering cross-section 3 g/, (7, €' Q) in terms

of Legendre polynomials

Es,g7—g(7, 10) Zzslgﬁg 7) P (ko) (1.33)

~

where o = - Q.
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Finally, we may represent the scattering term in Equation 1.27 by

G
Z/dE/ dE’/ AV Y, (F B Q) — B, Q) f(E ), (7, )
g g 4

g'=1
[e%S) l . G /
- Z Z Yle(Q) Z ES,l,g’Hgfblg’m(F) (1.34)
=0 m=—1 g'=1
where gzb{m is given by
W= [ A Vi (@047, (135
4m

WEe’ll use this new representation of the scattering term for Equation 1.27 before discretizing

in angle:

oo l G
Q- Vg (7, Q) + Sy g9 (7, Q) = Seang(F Q) + Y D> V()Y Satgrsgdf, (7)
=1

/

=0 m=-1 g

Xo(P) = [ A
b /47rd9' vgSp,g (Mg (7,2). (1.36)

g'=1

+

At this point, we are ready to begin the angular discretization of the transport equation
given by Equation 1.36. We will use the discrete ordinates (.S,) method for discretizing in
angle. Using this method, we consider the transport equation evaluated only at a finite set of
angles €, = (s My €n)* such that p? + n2 + €2 = 1. We wish to handle reflective boundary
conditions with ease so we demand that if {2, = (tin, Mn, €r) 18 in our quadrature set, so is
Qn’ = (Lhin, £, £&5)

Furthermore, we would like to retain solution invariance under 90° rotations for problems
with this type of rotational symmetry. Therefore, if the angle O = (a,b,c) is in our angular
quadrature set, so must be (a, ¢, b), (b,a,c), (b,c,a), (¢,a,b) and (¢, b,a). With this plane- and
rotational symmetry in mind, we can choose a set of N angles in the first octant and use these
symmetry rules to produce the angles in the other octants.

Once our quadrature set has been chosen, we can represent the transport equation along

n this definition, g, is not the polar angle used to define the spherical harmonics. This notation has been
used to remain consistent with the popular text [21]. Relating this notation, we have p, = /1 — p? cos(w),

M = /1 — p?sin(w), and &, = u

14



these 8N (or in 2-D, 4N) discrete angles. This yields a system of equations,

G
Q- V%,n(F) + Et,gwg,n(F) = Sext 295 n + Z Z Yz m n) Z Zs,l,g’%g(b‘zm(F)
g'=1

=0 m=-1
Y G 8N .
42D DA vy S (g (Fwn. (137)
g'=11=1
where
¢g,n(7:‘) = 7/}9(7?7 Qn) (1.38)

and the w,’s are the associated quadrature weights.
Now, Equation 1.37 is ready for spatial discretization. This will be handled in Chapters 2
and 3 for one- and two-dimensional Cartesian geometries, respectively. In the case of isotropic

scattering, Equation 1.37 simplifies dramatically:

Q- Vibyn(F) + St gtgn(7) =

Seatgn(7) + - ZE gy (f‘)+X9 Zugfzfg (Ppg (7). (1.39)

We call ¢(7) the scalar flux. The scalar flux is the zeroth angular moment of the angular flux,

given by

$(7) = /4 dQ2 (7, Q). (1.40)

Furthermore, suppose that 1 depends spatially only on a single variable, z. In this case,

the transport equation simplifies to the one-dimensional case

G
0 X
Ma%(z,u) + Et,gﬂ#g(%ﬂ) = Sea:tg Z ,U Z X 5,9 ﬁ\ggbg ) + ?g Z Vg’zf,g’gbg’(z)-(lAl)
r—1

WEe'll refer to Equation 1.41 as the one-dimensional neutron transport equation with isotropic
scattering.

In the following chapters, we will discuss various methods for solving the one- and two-
dimensional transport equations. In these chapters we’ll describe the algorithms, discuss their
merits and provide numerical results displaying solution accuracy and convergence rates. We’ll
look at two major classes of methods, deterministic and stochastic, before investigating the

intersection of these two classes, hybrid methods.
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1.3 The k-eigenvalue Problem

When analyzing a nuclear reactor it is vital to determine the criticality which we quantify
using the multiplication factor, k.ff, of the reactor [23, 17, 21]. If kcpy > 0, the reactor is
supercritical, meaning that neutrons are being produced faster than they are being destroyed.
If keyp = 1, the reactor is critical and the number of neutrons in each generation remains
constant. If k.yy < 0, the reactor is subcritical.

We can compute k.rs by determining the largest value of k which satisfies the following

problem for some non-zero angular flux:

:/ dE’/ dQY S(F E' QY — E,Q)(F, E', )
0 4

HE o0 ~ A~
X(“)/ dE’/ dQY v(7, By (7, E' (7, E', Q). (1.42)
4rk 0 A

1.4 Organization of this Thesis

In Chapter 2, we explore methods for solving the 1-D steady-state neutron transport equation.
We begin the chapter by deriving the integral transport equation before discussing the spatial
discretization of the transport equation. From here, we introduce source iteration, the most
simple method for solving the steady-state neutron transport equation. At this point, we’ll
begin discussing methods for accelerating the solution to the transport equation.

In Chapter 3, we repeat our work from Chapter 2 in 2-D. The majority of this chapter deals
with the two-dimensional spatial and angular discretizations and the method for executing a
2-D transport sweep.

In Chapter 4, we consider various methods for computing the dominant eigenvalue, k.,
as in Equation 1.42. Much like Chapter 2, we begin by discussing the most simple method for
computing k. known as power iteration. Then, we’ll look at several methods for accelerating
the convergence of the eigenvalue.

In Chapter 5, we look at stochastic methods for solving the neutron transport equation.
We begin with motivating the choice to incorporate Monte Carlo simulations in the solution
of the transport equation. We first look at solving a 1-D steady-state transport problem using
Monte Carlo methods. Next, we look at representing a transport sweep using a Monte Carlo
simulation.

Chapter 6 looks at combining deterministic accelerators to accelerate Monte Carlo solutions
to the neutron transport equation. We refer to these algorithms as “hybrid methods” for solving

the neutron transport equation. We discuss the various challenges encountered when using
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Monte Carlo transport sweeps inside deterministic accelerators and the algorithmic changes

required to accommodate these stochastic function evaluations.
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Chapter 2

Deterministic Solutions to the 1-D,
Mono-energetic Transport Equation

in Slab Geometry

In this chapter we will consider several methods for solving the one-dimensional, fixed-source
neutron transport equation in slab geometry. We will begin by deriving the integral equation
for 1D neutron transport. From here, we will begin the discussion of solution methods with
source iteration, as it is the simplest solution method and an understanding of source iteration
is prerequisite for all other methods. Once source iteration has been implemented and we
are comfortable with the idea of a transport sweep, we will begin developing more advanced
methods. We'll attempt to accelerate convergence using both known mathematical acceleration
techniques alongside physics-based accelerators. All of the accelerators use transport sweeps at
the heart of the algorithm.

2.1 Problem Definition

In this chapter we will focus our attention to solving the mono-energetic 1-D neutron transport

equation in slab geometry with isotropic scattering:

O

P ) + Sl ) = 3 [De6(2) + Q(a)] (2.1)

for z € (0,7) where ¢ (x, 1) is the angular flux at the point z traveling in the direction . We

have the following boundary conditions:

(0, ) = Fo(p), p>0; (7, 1) = Fr(p), p<0 (2.2)
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These boundary conditions essentially describe the number of particles entering from the left
end of the slab and the number of particles entering from the right side of the slab.

The direction cosine u is given by p = cos(#). The relationship between p and 6 can seen

in Figure 2.1.
% |
x=0

X=T

Figure 2.1: Slab of width 7

Our goal is to solve this problem in an iterative manner to a high degree of accuracy with
as little computational effort as possible.
2.2 Source Iteration
In order to solve Equation 2.1 we propose an iterative scheme:
1. Begin with an initial guess ¢g(z).
2. Given ¢q(x), solve Equation 2.1 for ¢y (x, ).
3. Let ¢1(x) = [1, ¢1(z, p)dp.

4. Continuing this iteration until successive functions ¢ are sufficiently “close” yields a solu-

tion. That is, given ¢, (x), compute ¥, 4+1(x). Then compute ¢,11(z) = f_ll Up1(x, p)du.
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2.2.1 Deriving the Integral Transport Equation

Before describing the source iteration algorithm in greater detail, let us motivate this action
by deriving the integral transport equation in one-dimension. We’ll perform an analysis along
the same lines as found in [16]. For simplicity, let us assume that both the total and scattering
cross-sections are constant.

We begin by manipulating the transport equation using a linear change of variables. Letting

z = Y, we have

N (2, 1)

2\ P
2227 92

P = 5500 + Q).

Now, dividing both sides by the total cross section, ¥;, and letting ¢ = ¥4/3; and S(x) =
Q(z)/%, we find

oy

Pl ) = 5 leolz) + () (23)

Here, since z € [0, 7], we must have z € [0, X| where X = 7/%;.

Now, returning back to x as our spatial variable, for positive y we compute:

pO8 L) = 3 ledla) + S(a)

o (ug;f T e, u)) — oL leo(e) + S()

pa [eF e m] = JeF leoa) + S()
0 1

gg (PP ] = gk epl@) + S(2)]
1

/Oy % [651#(%,#)} dr = /Oy ﬂe% [cp(z) + S()] dw

Eon) =000 = [ 5oef (o) + S(a))do
v = ek [ ek loole) + S(@)de+ T ER)
o) = [ e T o) + @) de e Fy)
0 4H
Yy —lz—y Yy
Yoy = [ o T fed(n) + S dr+ ¢ Fy(p)
0 4M
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For negative i, we integrate backwards and obtain a similar expression:

X T—y X—y
Py = - / ibe‘u)[cgb(stm)]dwe( (W)

X T X—y
V) = [ gme BT o)+ S@de+e I Fx(p)

Now, we can transform these two equations for 1) into a single relation for ¢ by noticing
that

1
o(z) = / () d
- 0
= /w(a?,u) du+/ Y(x, ) dp. (2.4)
0 —1

Applying Equation 2.4, we have

1 —|lz—y 1 Y
oy) = /0 O“e T (e () + S(x)] dadp + /0 ¢~ Fy (1) dp
T — 0 — | X—y
/ / TG ¢ [eg(x) + S(x)) dudp + / = Py () d.

-1

We can split both the first and third terms in the above expression into two integrals:

eyl Ly 1 e
// —e e )dacdu—i—/ 2.¢ Wl S(x)dxdp

1
1 —lz—yl|

+/ e \uIFO du—i—/ / ——e Wl cop(z)drdu
0 2|p

0 rX 9 Tl 0 —|x—y|
—|—/ / Wl S(x )dxd,u—i—/ e Il Fx(u)dpy.
-1Jy QW —1

Now, we can combine the integrals containing the scalar flux and source by switching the

// dndx—i—// e S (2) dnda

0 _x—y|
+/ e '“‘Fo( )du+/ e W Fx(p)dp.
0 -1

order of integration:

Finally, we rearrange terms and are left with following integral equation:

X
¢(y)—/0 k(z,y)p(x) de = g(y)
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where

C
Key) = SE(lr—y)
1] —la—yl
Blo—y) = [ 275" ay
X]. 1 Ly 1 X~y
o) = [ 5B =u)s@) dr+ [ R+ [ e Px(-mn

At this point, it is easy to see that solving the transport equation is equivalent to solving

the following integral equation:

¢+K(@) = g

where

Now, we realize source iteration by
ot = K(6™) +y.

It is important to show that source iteration converges when the domain is finite and ¢ < 1.

We state this as a theorem as the result provides a backbone for the remainder of this thesis.
Theorem 1. Source iteration will converge whenever either X < oo or ¢ < 1. [6]

Proof. We wish to show that ||| < 1 for some choice of operator norm. Then, by Theorem 4
(Appendix A), the iteration will converge.
We will proceed by using the 1-norm, given by

X
| = lullr = /0 fu(z)|d.

Now, we will prove Theorem 1 by showing that

Kl < [lull-
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We have,

Furthermore, we can see that

/O; Eq(]z])d=

2/0

C
§H¢>

z,y)||¢(x)| dz dy
z,y)||¢(x)| dy dx

r/ Ey(ja — M\@}

9( /‘Eux yﬂ@}m
/mEmw—mmﬂdx

!¢
* o /OoEl(\dez] do

bz hm[fEAMMz
I Eagalyae
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Combining the results from Equations 2.7 and 2.8, we have

ol < ghell- [ Bilzha:
C
= ol
= ol

Now, if ¢ < 1, we have ||| < 1 and the iteration converges. Furthermore, if ¢(x) is non-
zero everywhere, we see that the inequality between Equations 2.5 and 2.6 should be a strict
inequality when X < co. Therefore, when X < oo, we have ||K|| < 1 even if ¢ = 1.

O

2.2.2 Discretizing the Transport Equation

In order to solve the transport equation with source iteration, we need a method for computing
qb(”H) given #™. To do this, we must discretize the transport equation and iterate on the
discrete solution. Before introducing the discretized equations, let us familiarize ourselves with

the domain. Consider Figure 2.2:

Ly e sy 1 1 1] ) X
I D D D

Xiz  Xaz Xz Xgp e . . Xnaiz Xn-1z Xns2

Figure 2.2: Cell faces take on half-integer indices and cell-centers take on integer indices.

In 1-D, we may choose to compute fluxes at either cell faces or cell centers. For the remainder
of this chapter, let us choose to compute cell-face values of the angular flux. We’ll compute

the angular flux at all grid-points with half-integer values (¢,, 1 = % (2, 1)). Furthermore, we
2

it
will compute the scalar flux at cell centers (¢; = ¢(x;)). In this case, ¢; represents the average
scalar flux over the it cell.

This choice of stencil leads to the following diamond difference discretization [2]:

=k P F
MkM + ZtM = S.b + g (2.9)

Awi 2
Vit i
TS ZW( T2 ) (2.10)

24



where wﬁr% = ¢($i+%7ﬂk) and Az; = Tl =T 1. The pg’s are chosen to be Gauss nodes and

the wy’s as their corresponding weights.
For positive u, we can solve Equation 2.9 for ¢f+ I
2

k
(45 - %) v, + 2+

¢k _
ity s,

(2.11)

Now, given an explicit boundary condition on the left boundary (z = 0), we can march

across the domain. Similarly, for negative p; we can solve Equation 2.9 for wf_ 1. This allows
2

us to propagate information across the domain beginning from the right boundary (z = X).

This idea is referred to as a “transport sweep” and can be visualized in Figure 2.3:

Yy

Y

Yy
Y
Y

Y

Y(0,u)=F,(u)
u=>0

Y

Yy

Yy
Yy
Y

u=0

Y(X,u)=F,(u)
u<0

A A
A A
A A

3

A A

A A
A

x=0 x=X

Figure 2.3: For p > 0, information propogates across the medium originating from the left
boundary. For y < 0, information from the right boundary is propogated across the medium.

As we can see, as we increase the number of spatial cells and increase the number of angles
in our quadrature, a transport sweep can become computationally expensive. This is not a huge
issue in one-dimension, but we’ll see that this problem is compounded in multiple dimensions.

We are not limited to using the previous discretization, however. In some cases, it may be
advantageous to compute both the angular and scalar fluxes at cell faces. The choice of which
discretization we use is often dependent on what type of accelerations schemes we would like

to use. These will be discussed in further detail in the upcoming sections.
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2.2.3 Analyzing Source Iteration

Source iteration converges whenever the width of the slab is finite and/or the ratio 3,/%; < 1,
however we are not guaranteed that source iteration will converge in a timely manner. When
Ys/¥; ~ 1 and the mean-free-path (1/%;) of a neutron is far shorter than the width of the
slab, convergence may take hundreds or thousands of iterations to converge [2]. Since each
iteration is on the order of n - k work, this can be quite expensive, and recall, this is for a 1-D
calculation. Each iteration will become more expensive as we reach higher dimensions, add in
multiple energy groups and assume anisotropic scattering.

The following theorem helps us to quantify how poorly source iteration may perform in

certain problem regimes.

Theorem 2. Suppose Equation 2.1 for x € [—oo,00] has a solution ¥*(x,p). Define an error
function, e®) (z, 1) = *(x, ) — *) (x, 1) where the ¥ are the sequence of iterates produced

by source iteration. Then we have
’e(’“) (a:,,u)) <B.-c* (2.12)

where B is a constant determined by the initial error and ¢ = X4/% is the scattering ratio.

Proof. We’ll prove this theorem using the method described in [2]. Consider the exact transport
equation (Equation 2.13) and the source iteration scheme (Equation 2.14) for an infinite medium

(z € [=00,00]),

% 1
W) 43 wn) = [ [ weanwrew)| @)

(k+1) 1
Max (@, 1) + Sp ") (@, 1) = ;[Es/_lw(’“)(w,u’)du”r@(x)}- (2.14)

Subtracting Equation 2.14 from 2.13 yields the following equation for the error

ae(k+1) 1

1
(z, ) + D™V (z, ) = = [ES/ e(k)(:c,,u')du’] . (2.15)
-1

a 2

Equation 2.15 relates the current error to the previous error, and iteratively, the current error
to the initial error.

Now, consider expanding the k' error, e(®), as a Fourier integral,

) (3, 1) = / ABY (A, )= gy (2.16)
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Substituting Equation 2.16 into Equation 2.15, we have

00 ES 1 .
/ [Zt(i)\u + DAFFD (N ) — 5 / AR (), u’)du’] ePATIN = 0. (2.17)
o -1
Therefore, we must have

c 1 !
A(Hl)(/\aﬂ) = 21+i>\,u/1 A(k)(/\a//)dlil (2.18)

for A € R and for p € [—1, 1]. We assume that ¢ < 1 so that Theorem 1 guarantees convergence.

Integrating Equation 2.18 over all u yields

/ AFFD N 1d / AR\, 1d (2.19)
in which
1
c 1
= - 2.2
w() 2/_1 T i (2.20)
|
= —d 2.21
C/O 1+ A2p2 H ( )
- %tan*u. (2.22)

Then, for all £ > 0, Equation 2.19 implies

1 1
/ AW ) dp = w(V) / AO (A, 1) di! (2.23)
-1

-1

Applying Equation 2.18 to the left-hand side of Equation 2.23 yields

c wk‘ 1
A0 = o ([ A0 (2.21)

Now, we have an explicit formula for the error based on the initial error for all £k > 0, as

given by

* ¢
e T ( / A0\ u)dﬂ> eimNe ), (2.25)
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We can bound the (k + 1) error as follows,

| < 5[ |’“/ AOO, )| dr
= [ ’/ )\u Ydu! d)\] O‘SI
- Bk, (2.26)

where B is a constant based on the Fourier expansion coefficient of the initial error and spectral

radius of the source iterations scheme is given by

_ _ -1y — _
osr = r)r\lggw()\) = max <)\ tan )\> w(0) =c. (2.27)

O]

Clearly, as ¢ — 1 and in the case of an infinite medium, the iteration may become arbitrarily
slow. When ¢ = .99, it will take over 200 iterations to decrease the error by a single order of
magnitude. When ¢ = .999, over 2000 iterations will be required to decrease the error by an
order of magnitude. This helps motivate us to put forth effort in developing efficient and robust
accelerators to solve the neutron transport equation.

Before moving on, we can perform further analysis of the source iteration scheme that will
aid us in building these accelerators. As in [2], let us assume that the initial error consists of a

single Fourier mode,

e (z, 1) = a(p)e >, (2.28)

Then, for all iterates k > 0, the error is comprised of this single Fourier mode and the above

derivation demonstrates

) = 0 [ (f 11 i )| e (2.20)

21+ p

Source iteration will converge slowest for modes in which A is nearly 0. In other words, the
slowest converging components of the solution have weak spatial dependence, or are the long-
wavelength components of the solution [2].

We can demonstrate this numerically with the following example. We have computed the
solution to a one-dimensional, single-speed transport equation in homogenous slab geometry
(X5 =9.9, ¥ = 10, 7 = 10) using 100 grid points. Call this solution ¢*. Now, let us perturb
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this solution,

¢(0) = ¢*(x) + .01sin (fo) + .01 sin (4077_@) :

Figure 2.5 shows the initial error along with the error after 25, 50, and 100 iterations.

Convergence of Error Modes in Source Iteration

0.02 T T T T T T T T T
= Initial Error
--.E(ZS)
o g0
0.015F E -
..... E(lOO)
0.01F n -
- - ..~§.
S "— A4 Y I o ~L
£ 0005 AT LY zin - ]
53] L 7] [ ., ~
e Ak == - - /) ~
.1 id BY Al - - ol o | 4, : o
L 47 A1 “Fi- 10 d
SA-Fr 11k
L1 11
o |
-0.005F -
~0.01 I I I I I I I I I

0 1 2 3 4 5 6 7 8 9 10
Position in the Slab

Figure 2.4: We see that the long wavelength error mode converges at a much slower rate than
the short wavelength error mode.

After only 25 iterations the high-frequency error mode as been nearly completely damped,
however the long-wavelength mode still persists even after 100 iterations. This analysis suggests

that any numerical acceleration techniques should work to resolve the long-wavelength modes
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of the solution, as standard source iterations will quickly resolve the high-frequency modes,

while simultaneously ensuring that high-frequency errors are not amplified.

2.3 Using Krylov Methods to Solve the Transport Equation

In general, source iteration is not a feasible method for solving the neutron transport equation.
Even for relatively simple problems, one energy group and 1-D, these problems can require
thousands of iterations in order to converge to the desired tolerance. For this reason, we need
to employ more advanced methods to cut down on the amount of work required to obtain a
solution. In the nuclear engineering community, algorithms which attempt to cut down the
number of transport sweeps required to converge are often referred to as “accelerators.”

In order to utilize Krylov methods to solve this problem, we need to represent this problem
as a linear system of equations. Early in this chapter we showed that we could represent source

iteration using operator notation as:
S = K™ +g (2:30)

where K is a linear operator.

Equation 2.30 has converged if ¢(® = ¢! Instead of using source (or Picard) iteration to
solve this problem, we should be able to increase the rate of convergence by using Krylov meth-
ods. In this case, we’ll describe the problem slightly differently, writing the integral equation

as:

where [ is the identity function.

Once we discretize, this becomes a linear system of equations
Ad =g (2.33)

where A comes from the discretization of I — .

It is important to note that even though we can abstractly represent this problem as a linear
system of equations, we never form the matrix A. In many cases, computing the coefficient
matrix A would require more numerical work than the solution to the transport equation.
Furthermore, for the Krylov methods which we will employ, a representation of the matrix is
not necessary. Instead, we must only be able to write a formula (or routine) to compute the

action of the matrix A on the vector ¢.

30



2.3.1 GMRES

One of the most common Krylov methods is GMRES, which stands for Generalized Minimum
RESidual. When solving AZ = b, GMRES minimizes ||b — AZ||3 over the space zo + K, where
K}, denotes the k" Krylov subspace [15]. This is defined as

K, = span(ro,Aro,...Ak_lro) (2.34)

GMRES is guaranteed (in the absence of roundoff error) to converge in n or less iterations
when the dimension of the problem is n (i.e. x is a vector of length n). We prove this fact in
Appendix A.

For well-conditioned problems (problems where K(A) = ||A|| - ||[A7!|| = small), GMRES
can converge quite quickly. The convergence behavior is determined by the spectrum of A,
or the set of eigenvalues of A. It can be shown ([1]) that GMRES performs best when these
eigenvalues are grouped in a few tight clusters.

The other selling point for GMRES is that we do not actually need to form the matrix A.
Instead, we only need a matrix-vector-product (hereafter referred to as a “matvec”), that is,
a routine that can compute the action of A on a vector. For the neutron transport problem,
creating the actual matrix could require far too much work to be a reasonable solution, so we
can take advantage of this property of GMRES. A more detailed discussion of GMRES can be
found in Appendix A.

2.3.2 Building the Matrix-Vector-Product

For the neutron transport problem, our matvec is straightforward to build. Our matvec, M,
must represent the action of (I — KC) on a vector. The matrix, M, is simply the discrete version
of the operator (I — K).

If we recall our discussion of source iteration, we have a mapping that takes ¢' to ¢'t1. We
can represent this as G(¢!) = ¢!*!. We’ve found our solution when G(¢) = ¢. Furthermore, in

the previous section, we found that ¢ = K¢ + b. Combining these two facts, we can see that
G(p) =Ko +0. (2.35)

Therefore, the action of A on a vector can be represented as K¢ = G(¢) — b. If we need to
compute b, we can see that b = G(0).

Now, our matvec, M, can be explicitly defined:

M¢=(I-K)p=0¢—(G(¢)—b)=¢—G(¢)+b=¢—G(¢) + G(0) (2.36)
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Now, we ask GMRES to solve the problem M qg =b. We'll briefly note that formulating the
problem in this way is a good choice. GMRES operates on vectors that are the same dimension
as ¢, not the dimension of ¢». When n (number of spatial cells) and k (number of angular cells)

are large, this choice can save us a great deal of computational work and memory.

2.3.3 Other Krylov Methods

It is important to note that GMRES is not our only choice of Krylov methods for solving
this problem. For large problems, GMRES may not be an option due to memory concerns.
Recall, for every iteration, GMRES must store an additional Krylov vector as demonstrated in
Equation 2.34. If a problem requires many iterations, memory limits may hinder our ability to
use GMRES. This leaves us with two options: GMRES(m) or low-storage Krylov methods.

GMRES(m), or GMRES with restarts, attempts to remedy the issue of limited memory by
storing a maximum of m Krylov vectors. After m iterations, we check to see if the solution has
converged. If it has not, we take the current solution and use it as an intial guess for the next
pass of GMRES.

This will generally slow down convergence since we are throwing away all of the information
that we have built up in our Krylov basis in order to make room for more Krylov vectors.
However, this helps us get around memory issues that plagued us when storing the full Krylov
basis.

Our other option is a low-storage Krylov method. Two examples of these are TFQMR
and BiCGSTAB. The storage for both of these algorithms is bounded throughout the linear
iteration. However, each of these methods come with some inherent danger. Both of these
methods are subject to break down within the iteration, generally due to a division by zero
[15]. Furthermore, the convergence theory for these two methods is far less developed that
that of GMRES. For this reason, we usually only turn to these methods when issues arise
with GMRES. In practice, for solving these neutron transport problems, both TFQMR and
BiCGSTAB generally require more function evaluations (transport sweeps) than GMRES in

order to meet the convergence criteria.

2.4 Anderson Acceleration

Anderson Acceleration [29] was originally formulated by D.G. Anderson in the mid 1960s. In

general, a fixed-point iteration solves the problem = = G(z) using the following steps:
e Start with initial iterate xq

o 1,11 = G(z), until convergence.
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While this algorithm is very simple, convergence may be very slow for some problems [29].
Many problems of the form x = G(x), where G is a nonlinear map may be recast in the form
F(z) = © — G(x) and solved with Newton’s method. In some situations, this may be a huge
advantage. In other situations, it may be beneficial to avoid the root-finding formulation and
keep the problem in fixed-point form [29]. In this case, one can attempt to increase convergence

rates using Anderson Acceleration:

Anderson Acceleration(m) - m vector storage

Given xp and m > 1.
Compute 1 = G(x0).
fork =1, 2, ... do
Set my = min{m, k}.
Set Fk = (fk,mk, ...,fk), where fl = G(.%'Z) — Tj.

Compute o) = (oz[()k), ...,a%’i,Z)T where

mg
a(k) = argminaHFkaHQ S.t. Zai — 1 (237)
=0

k
Set wpy1 = > i az( )Q(xk—mwi)

end for

In general, we may choose to keep the number of vectors, m, that we store small for two

reasons:
1. These vectors may be quite large and storage may become a concern.

2. The minimization 2.37 may become expensive to solve or the problem may become ill-

conditioned.

It has been shown that in the case of a linear function GG, Anderson Acceleration behaves
much like GMRES [29], but in the case of nonlinear functions, much less theory exists.

In the case of neutron transport, source iteration can be represented as a fixed-point problem,
¢ = G(¢). We can apply Anderson Acceleration to achieve faster convergence in many regimes.
Anderson Acceleration, or the intimately related accelerator, Nonlinear Krylov Acceleration,

has been applied to the k-eigenvalue problem in [4].
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2.5 High-Order/Low-Order Accelerators

One of the major ways nuclear engineers have tried to speed up the solution to the neutron
transport equation is by coupling the neutron transport equation to the closely related diffusion
equation. It can be shown that for highly scattering media (i.e. materials where ¥3/%; ~ 1),
that diffusion models can approximate transport in some regions of the domain. Luckily for
us, the diffusion equation is very easy to solve, especially in 1-D where solving the diffusion
equation requires only a tridiagonal matrix solve.

Since the 1960’s and 1970’s it has been a trend in the nuclear engineering community to
couple the high-order neutron transport equation to a low-order diffusion equation in such a
way as to minimize the number of transport sweeps required to converge to a solution [2, 14].
The idea is that if we can use the diffusion equation to gain better approximations, we are
willing to invest some time in solving the easy-to-solve diffusion problem if it means we will
spend less time executing transport sweeps. The two equations are coupled in such a way that
when the transport equation is solved, the diffusion equation is satisfied simultaneously.

There are many models and variants of this process available, but we will primarily focus on
Quasi-Diffusion (QD) [14, 2] and Nonlinear Diffusion Acceleration (NDA) as described in [18].
Quasi-Diffusion has a long history and the ideas that were developed for quasi-diffusion are the
basis for many of these High-order/Low-order solvers. I will describe the process of nonlinear
diffusion acceleration (NDA) and show that when the high-order (HO) problem is solved, then
necessarily the low-order (LO) problem is solved; that is, if $7© is the solution to the high order
problem and ¢~ is the solution to the low order problem, then upon convergence, 0 = ¢1©.
In general, achieving consistency between the HO and LO problem has been troublesome and
has been called “the tyranny of consistent low-order discretization” [2]. This nonlinear problem
is traditionally solved using Picard iteration or successive substitution, but we can speed up
this process by using a Jacobian-Free Newton-Krylov method as a nonlinear solver. In this

case, we will refer to the method as JFNK-NDA.

2.5.1 Nonlinear Diffusion Acceleration (NDA)

In this description of NDA, we will follow closely the development described in [18], filling
in gaps and providing more detail when necessary. Before continuing, we need to define the

current, J, as follows

1
J(z) = / (e ) (2.38)
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and we should recall that
1
~ [ vlwudn (2.39)
-1

Now, let us compute the 0** moment of the transport equation:

/1 {u;w(az,u) +Et¢(x,ﬂ)} dp = /1 (Zeo(x )—i—Q(x))_ dp

-1 -1

1 8 1 1
= dy+Y dy =
/_luaxw(ﬂﬁ,u)w t/_lzb(:vvu)u /_1

8 1 1 1
893/1u¢(x,u)du+2t/lw(x,u)du = /1

(Xso(z) + Q)| du

(Zso(x) + Q())| dp

| | ]
l\DM—t L\D\>—~ [\3\»—!

I+ i) = Teola) + Q)
2 J@)+ (BB o) = Q) (2.40)
We can rewrite Eq. 2.40 as
fl—‘] + (2 - 26 = Q. (2.41)

Now, as in [18], we formulate the current as a combination of the Fick’s law diffusion

approximation alongside a drift term

1 d¢p -

J=—-=—+D 2.42
where D(w) is defined in such a way as to ensure consistency between the high-order and low-
order problem. Dis computed by using high-order scalar fluxes and currents that come directly
from taking moments of the high-order angular flux.

Combining Eq. 2.42 and Eq. 2.41 yields the Low-Order Problem for NDA:

d 1 d¢
d:c[

Discretizing the NDA Equations

In order to implement NDA, we need to discretize Eqs. 2.42 and 2.43. Discretizing Eq. 2.42
yields

¢HO

HO _ ¢1+1 i i+3 HO
11 = —oh Bt Do g o) o
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We use Eq 2.44 to define the D term. We notice that all other terms in Eq 2.44 are
comprised of high-order components. This is what guarantees the consistency between the

high- and low-order problems. Solving for the D term gives us

o , 1 [ of9-ef°
. Jiat oy (“Ax
Dy = T . (2.45)
2

Now, we are ready to discretize the low-order equation, Eq. 2.43, and we get

N A~

1 Gip1 =205+ ¢in Dis
33, Ax? 2Azx

i1
T3

(ir1 + ¢i) — 5Ax (¢i + di-1) + (Xt — X5) i = Qi (2.46)

Consistency of HO and LO Equations

Suppose we have found a solution to the high-order problem, ¢* = (¢% - -- ¢%)T. Then, we know
that Eq. 2.9 is satisfied. That is, we have

Vi YL

k k
N I
Az ¢ 2

: = iy gilo (2.47)
2T ‘

where ¢ must also be the true v since it is computed using ¢*.

We sum both sides over all ;¥ to find that we must have

Jio1—J,_1

z+§ =5 Zt % *

—2—2+ —¢; = X0, i 24
Ay Tt =B+ (2.48)

where the right hand side is simply multiplied by 2 since each term is independent of p and

S wk =2
Now, let us substitute this solution into Eq. 2.46. This yields

A~ N

1 ¢ — 297 + ¢4 Di+% i—1
— ;. ) g 2, — 5.) 6" = Qs
35, Ax? *3ay Wi+ 9i) = gry (F o) + (B B0l =@

Substituting in the definition of D gives

L0ha =205 405, Tl 1 6ha - iy 1 6F-or
- o S S S ST SR N o
3% Az? + Az + 3%,  Azx? Az 3%,  Ax? + (3 s) 07 = Qi

Combining the é terms and canceling ¢*’s leaves us with exactly Equation 2.48, thus showing
the high-order and low-order problems are consistent.

We also must derive boundary conditions for the low-order problem. In the case of a
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reflective boundary, we must enforce that the derivative of the scalar flux is zero at the boundary.
Vacuum boundaries are handled in a slightly more sophisticated manner.
For vacuum boundaries, we proceed as in [18]. We begin by enforcing consistency between

the high-order and low-order problems at the boundary,

JO  Jio
—¢jLO = T%O. (2.49)

We continue by discretizing the neutron balance equation, the 0** angular moment of the
neutron transport equation. This yields
J:%O _ J{JO

S T BT = (2:50)

Now, we use Equation 2.44 to compute an expression for .J ;LO,
2

LO 1 Q%O - 1LO 3 .LO LO
_ 2 A 42 + . 2.51
3 3% Ax 2 (% 1 ) (2.51)

We can write J fo in terms of ¢1LO using Equation 2.49,
2

JHO
Jr0 = quO ¢1°. (2.52)
1

Substituting Equations 2.51 and 2.52 into Equation 2.50, yields a single linear equation with
unknowns ¢1LO and d)éo. The high-order solution provides D, J f O and gb{I o,
2
Implementing Picard NDA

In the most simple implementation of NDA, we solve alternately the high-order and low-order

equations. We iterate according to the process described in [18]:
1. Given a scalar flux, ¢", execute a single transport sweep to yield 1/1"‘*‘5
2. Take the new angular flux, w”+%, and compute D"+3 and the boundary conditions.
3. Solve the low-order problem, 2.46, for ¢"*!.

4. Repeat until convergence.

We can represent this process as a new fixed-point problem, ¢ = Gypa(¢). In practice, we

see that Picard NDA is an vast improvement over source iteration when the medium is highly
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scattering. This is demonstrated in the results section at the end of this chapter. According to
[18], Picard-NDA may encounter trouble when the optical depth of a cell, Az - 3, is large and
may fail to converge. We have found that applying Anderson Acceleration to the fixed-point
problem can increase the rate of convergence and make the algorithm more robust. However,
in practice we may wish to abandon Picard-NDA and instead turn to a more robust method
of implementation; we utilize a Jacobian-Free Newton-Krylov method to solve this coupled

high-order/low-order system which we will discuss in the next section.

Analyzing Picard-NDA

In Section 2.2.3, we observed that source iteration damped high-frequency error modes quickly,
whereas the long-wavelength error mode took hundreds of iterations to resolve. Let us consider

a similar example. We’ll use the same perturbation to the exact solution,

¢© = ¢*(2) + .01sin (E) + .01sin (40”> ,

T T

and observe how these error modes are eliminated using Picard NDA.

Figure 2.5 shows the initial error along with the error after 1 and 10 iterations.

As we can see, after a single iteration, the high-frequency error mode has been damped con-
siderably. Furthermore, the long-wavelength error mode has been nearly completely eliminated.
Using the diffusion equation as a low-order equation effectively removes these long-wavelength

error modes.

Implementing JFNK-NDA

In order to use Newton’s method to solve this nonlinear problem, we need to pose this question
in a different form. We need to create a function, F', which takes as input ¢ and is identically
zero when ¢ satisfies the transport equation. The computations done here are similar to that of
the iteration process for Picard NDA, but are changed slightly as to couple the high-order and
low-order equations. Once we build this function, F'(¢), we will feed it to the Newton-Krylov
code which will solve F'(¢) = 0.

The function F' is built as follows, as described in [18]:

1. Begin by inputting ¢, a vector, which is a descretized version of ¢(x).

2. Execute a transport sweep using ¢ taken as the input for F'. The result of this trans-
port sweep is 17©. The transport sweep is accomplished using the discretized transport

equation, Equation 2.9.
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Convergence of Error Modes in Picard NDA
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Figure 2.5: We see that both short- and long-wavelength error modes are damped quickly using

Picard NDA.

3. Given 9 we can compute D. This is accomplished by solving the following equation

for D:

HO HO
HO _ R

f)i+l
+ 2 (¢H9 + ¢19) (2.53)

1

it N 3215 Ax

2

In order to solve for D, we will first need to compute two other values:

1
JZ{@ = /_1wﬁgdu (2.54)

1 1
Ho 2/1< ﬁ0%+¢ff0%) dp (2.55)

We notice here that due to its construction, if ¢ has length n, D must have length n — 1.
Therefore, D is computed at each cell face, except for the left and right boundaries of the

domain.

39



4. Now, using the current values for ¢”° and JHO, we need to compute the boundary
conditions. In [18], computing the boundary condition requires (at the left endpoint) the

values J f O and (;56{ O, Using these moments, we can write an equation for d)go.
2

5. Given a new ¢, D, and boundary conditions, we can compute F'(¢). This is done using

the equation below:

N N

1 gin =20+ Dt N | '
_3721: Az? * 2Ax (QSZ—H + ¢Z) N 7((1)’ + ¢Z—1) + (Et - Zs)d’z - Qz

2Ax
(2.56)

Fi=

Using Newton-GMRES to solve F(¢) = 0 provides a noticeable decrease in work. However,
like with most iterative methods, preconditioning is extremely important. As we know, the
goal of a preconditioner is to redistribute the spectrum of the linear operator in such a way as
to please the iterative solver.

In [18], the suggested preconditioner is the inverse of the linear operator M:

o010
- Oz

— — 4+ DF (% - % 2.57
where D¥ denotes the value of D during the k** nonlinear iteration.

At times, we may simplify this preconditioner slightly to make the implementation easier.
In the simplified case, we use the inverse of M :

M =

o119
Ox | 3X; Oz

] + (2 — %s) (2.58)
While M does not approximate the inverse as well as M, it is still a remarkable improvement
of the non-preconditioned problem. In general, we see that using the full preconditioner, M,

reduces the number of function evaluations slightly over M. In Chapter 6, we find that noisy

evaluations of D may make the simplified preconditioner a better choice.

2.5.2 Quasi-Diffusion (QD)

Much like Nonlinear Diffusion Acceleration, or NDA, Quasi-Diffusion is a moment based ac-
celerator [14, 2, 18]. With Quasi-Diffusion, we compute the zero-th and first moments of the

transport equation. Recall from the previous section that the 0" moment can be written as:

dJ
(S -B)e=Q. (2.59)

40



Now, let us compute the 1%¥ moment of the transport equation:
1,0 Nl
/1 [u 5.0 1) +Ztuw(w,u)] dp = /1 [2 (Espo(z) + pQ(2))| du

1
0
27 pr—
/1 1 axq/)(a:,,u)d,u + X J 0

8 1
/ prp(x, p)dp + eJ = 0
1

or J_
o [t f_llw(:v,u)du>
7 Do, wydp | 20T Ly = o
oz J 1k (f_ll (@, p)dp t
a£¢+ztj = 0 (2.60)

where

I (e, p)dp
I (e, pydp

E(z) is known as the Eddington tensor [2, 18], or in one-dimension, the Eddington Factor.

E(z) = (2.61)

In Equation 2.60 we solve for J to find

1 0E¢
J=—=——". 2.62
Et ox ( )
Now, we can substitute Equation 2.62 into Equation 2.41 to create our Low-Order Equation
for Quasi-Diffusion. This yields
d 1 0E¢
— | —=— Y —Ys)d = Q. 2.63
i (5 )+E-ze=q (2:63)
Prior to discretization, no approximations have been made and Equation 2.63 is exact. Upon

discretization, Equation 2.63 becomes

—1\ EHO%. , —2EHO%. + FHO 4.
(2 > 41 Qi1 Alx;bz i1 Qi1 (S - S0 = O (2.64)
t

In Equation 2.64, EH© is computed using the high-order angular flux computed by executing

a transport sweep using the previous scalar flux to build the scattering source.

Picard (Classic) Quasi-Diffusion

Picard, or Classic, Quasi-Diffusion works quite similarly to Picard NDA. We cycle back and
forth between the high- and low-order problems until we have found a solution. The iteration

process is as follows:
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1. Begin with some initial guess ¢g. Set iteration counter i = 0.
2. Execute a transport sweep to recover 1, e
2
3. Use ¢i+% to compute EH_%.
4. Solve Equation 2.63 for ¢;11 with E'= E; 1.
2

5. Check to see if ||¢i+1 — ¢ill2 < tolerance. 1If so, return declaring ¢;y1 the solution.

Otherwise, increment ¢ = ¢ + 1 and return to Step (2).

Again, much like NDA, Quasi-Diffusion provides a significant reduction in work. However,
while in the continuous form, if ¢* is a solution to the high-order problem, it is guaranteed to

be a solution to the low-order problem, without a correction term, QD lacks this consistency

¢HO — ¢LO

in the discrete case. This means that upon convergence, we may not have . We can

fix this by adding a correction term, ~, in Equation 2.63:

d [ 10E B
Ir <_Et<9x + 7@5) + (- E5)9o=0Q. (2.65)

The consistency term (or correction term), «y is given by

1 dEHO¢HO
gHo — - Ly g0, (2.66)

Solving for v and discretizing yields

1 BMOGER-BHOGH0 | o
Yi+1/2 = ¢HO .
i+1/2

(2.67)

In essence, v is used only to match the discretization errors in the high-order and low-order
equations. As the mesh is refined, + should approach zero everywhere in the domain. We can
see that the formulas for v and D from NDA look very similar, however they serve different
purposes. While D makes the continuous form of the NDA low-order equation consistent with

the high-order equation, the QD low-order problem is already consistent in its continuous form.

2.6 Diffusion Synthetic Acceleration

Diffusion Synthetic Acceleration (DSA) [2] can be thought of as a preconditioned source iter-
ation. With source iteration, we took an approximation to the scalar flux, ¢(™, executed a

single transport sweep to recover ¥ and then integrated the angular flux to recover the

42



new scalar flux, ¢("*1). These physics-based preconditioned Picard iterations apply an update
formula before computing ¢™*1).

Diffusion Synthetic Acceleration works as follows:
1. Input ¢(").
2. Execute a single transport sweep to recover w(”+%).

3. Integrate over angle to recover ¢("+%).
4. Compute A¢p = gb(""‘%) — ¢,

5. Solve the modified diffusion equation for F',

d 1 dF
_ - Yo (x)F =Y. Ao. 2.68
T @ B @F(E) = B (268)
subject to the boundary conditions
F(0) 2 dF( ) 0, in the case of a left vacuum boundary, and
J— — = V
35,(0) da ’ Y, 4G
dF . . .
d—(T) = 0, in the case of a right reflective boundary..
x

6. Apply the update formula ¢+ = gb(”“'%) + F

This process, through a series of steps, takes as input #™ and returns a new scalar flux

¢ We can represent this as

") = Gpga(s™). (2.69)

Much like source iteration, we have found the solution to the neutron transport equation when

we’ve found ¢ such that

¢ = Gpsa(®). (2.70)

It is expected that the DSA preconditioned source iteration will converge in significantly fewer
iterations than source iteration. It is important to note that there is a small cost incurred by
computing the DSA update, but in 1-D, it amounts to a single tri-diagonal matrix solve. This
work is inconsequential compared to that of a transport sweep, so it is generally ignored.

Much like with source iteration or Picard-NDA, we can also apply Anderson Acceleration
to the fixed-point problem ¢ = Gpsa(¢). Furthermore, the fixed-point map Gpg4 is an affine
map. Through a little bit of reorganization, we can solve the DSA fixed-point problem using
GMRES as well.
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2.7 Results

In this section, we discuss the convergence results for a series of test problems. This set of test
problems will attempt to isolate difficult problems where source iteration converges slowly. We

will see that most of these algorithms will be a huge improvement over source iteration.

2.7.1 Test Problems

The tests in Table 2.1 have scattering ratios of ¢ = .9, .99, and .999. As the scattering ratio
increases, source iteration takes more iterations to converge. We consider tests with different
domain lengths 7 = 1 and 10, or 10 and 100 mean-free-paths, respectively. Furthermore, we

use different spatial meshes to demonstrate the robustness of the various algorithms.

Table 2.1: One-Dimensional, One-Group, Slab Geometry Test Problems

Test | 1 2 3 4 5
pI 91991991 99 | 9.99
> | 10] 10 | 10 | 10 10
T
Ny

1 1 |10 | 10 10
20 | 50 | 50 | 500 | 500

For each test problem, we will converge the solution to a tolerance of 1078. In all cases
where Anderson acceleration is used to accelerate convergence, we will store 5 vectors in the
history. For Newton’s method, we will choose our forcing term 1 = .01 for each test and limit
ourselves to 15 Krylov iterations per Newton, though this cap is never reached.

Table 2.2 displays the convergence results for the tests described in Table 2.1. We compare
11 methods, including source iteration to give us a baseline iteration count. In Table 2.2 the
iteration counts only account for the number of transport sweeps to convergence. In many of
the algorithms (NDA, DSA, QD) we require a low-order matrix solve at each iteration. The
matrix solves involve a tri-diagonal system which can be handled very efficiently in MATLAB.
This work is negligible compared to the work required for a transport sweep and therefore is
ignored. For example, when using Picard-DSA to solve the transport equation in MATLAB,
the time spent in the diffusion solve is merely .13% of the time spent computing a transport
sweep when 500 spatial grid points and 20 angular grid points are used.

Looking at Table 2.2, we can see that many of these algorithms are very competitive. For
all test problems, GMRES-DSA performs exceptionally well. Additionally, for test problems
1, 2, 4 and 5 Anderson Accelerated NDA/QD perform very well. Anderson Accelerated DSA
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Table 2.2: One-Dimensional, One-Group, Slab Geometry Test Problems Convergence Results

Method Test 1 | Test 2 | Test 3 | Test 4 | Test 5

Source Iteration 123 454 1579 1513 11869
GMRES 12 13 27 53 59
Picard NDA 11 12 DNC! 12 13
Picard QD 10 12 DNC! 12 13
JFNK-NDA 17 19 32 19 21
Picard - DSA 17 23 14 23 26
GMRES - DSA 7 7 7 7 7

Anderson Accelerated SI 20 32 222 212 1022
Anderson Accelerated NDA 8 9 33 9 10
Anderson Accelerated QD 8 9 30 9 10
Anderson Accelerated DSA 9 9 10 10 11

performs very well across the board as well. Furthermore, for test problems 1, 2, 4 and 5,
Picard NDA and Picard QD require only a few extra transport sweeps.

Special attention should be paid to Test Problem 3. This problem was chosen since it is
known [18] that Picard-NDA diverges for some problems in which cells become too thick. For
this test, each cell is quite large in terms of mean-free-paths (2 m.f.p’s per cell). Compare this
to Test Problem 4 in which each cell is only one-fifth of a mean-free-path wide. It is clear that
for Test Problem 3, the mesh is not fine enough to resolve the physics appropriately and thus

Picard-NDA cannot converge.

2.8 Moving Forward

At this point, we have offered a very thorough treatment of the state-of-the-art methods for
solving 1-D, single-material, single-group fixed source problems with isotropic scattering. This
chapter has highlighted the idea of the transport sweep which will be used within each of the
algorithms throughout the remainder of this thesis. The lessons we have learned from these
simple problems will guide us when we move to multiple dimensions, multi-material, multi-group
problems and when we begin solving the k-eigenvalue problem.

Table 2.2 will guide our focus when we begin looking at more difficult problems with the
exception of Quasi-Diffusion. When we move to multi-dimensional hybrid problems where the
transport sweep is executed using Monte Carlo simulation, we will ignore QD for a few basic
reasons. The main reason we will ignore QD is because it requires us to resolve the Eddington

tensor. Trying to tally a tensor using Monte Carlo simulation will be very tedious and extremely

'Did not converge due to spatial mesh size.
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noisy. It will require far too many Monte Carlo realizations to get an accurate representation
of the tensor. For this reason, we’ll focus our attention towards NDA and DSA which do not

require us to tally this noisy quantity.
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Chapter 3
Solving the 2D Transport Equation

Much like we did in Chapter 2, let us consider several methods for solving the 2-D neutron
transport equation. We’ll begin by describing the 2-D transport equation and work to gain a
functional understanding of the problem domain. After this, we’ll discuss the transport sweep
in two spatial dimensions. Once we have a method for executing a transport sweep, we’ll
discuss the implementation of source iteration. Finally, we’ll revisit the acceleration techniques

encountered in Chapter 2.

3.1 Introduction

In Chapter 1 we derived the full 3-D transport equation, Equation 1.12. For now, let us ignore
the fission term and consider time-independent, fixed source problems. In this case, Equation
1.12 reduces to

~ N

Q- V(7 B, Q) + 347, E)(7, E, Q)

/ dE’/ QY % — O, E — EYY(F, E' V) 4 Seat(7,Q,E) (3.1)
4

We cannot solve the transport equation in its full continuous form, so we must discretize

Equation 3.1 in space, energy and angle and we will follow the example set in [21]. First, we

perform the energy discretization, yielding the system of multigroup equations. The multigroup

equations were derived in Section 1.2.1. Thus, for g =1, ..., G, we have:
Q- V(7 0) + S Z / A DY Q- ) (1) + 55,7 0) (32)
4T

In order to represent this equation more succinctly, we’ll represent the right hand side as a
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single function, Q(7, Q)

Q : Vz/}g(f", Q) + Etg(f‘)w(ﬁ Q) = Qg(f; Q)

where

G
QR =Y / dSY 329=9(7, Q- )y (7, Y) + 89,,(7 Q).
47

ext
g'=1
In Section 1.2.2, we discussed the angular discretization of the transport equation. This leaves

us with a system of equations
Q- VYI(F) + X4 (F)hn (F) = QI(7) for g =1,...,G, and n = 1,...,4N (3.3)
with the following definitions:

Vi) = DI Q)

Q) = QU7 ).

After discretizing in energy and angle, we are left with the task of discretizing in space.

We’ll devote the next subsection to accomplishing this task.

3.1.1 Spatial Domain and Spatial Discretization

We will only consider rectangular domains in this section and discretize using rectangular grid
cells. Suppose we consider [ spatial cells in the x-direction and J spatial cells in the y-direction.
This results in an = — y domain as seen in Figure 3.1.

Here, we notice that cell centers are indexed by integers and cell edges are indexed by
half integers. We choose to discretize the domain such that each cell is comprised of a single
material. That is, the total, scattering, absorption and fission cross-sections are constant within
a given cell, and thus can be represented as YJ; ;. This may mean that we need to approximate
cross-section for cells in which multiple materials would be present, for example along a curved
material interface.

For each cell and each angle, we’ll define a cell-averaged flux

1 Tird Y5+l
Vn,ij = / / Un(z,y) dy dx 3.4
J Al‘lij Iii% yjf% ( ) ( )
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Figure 3.1: z — y domain for 2D transport
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and cell-edge fluxes

1 Vit

@bn,ﬂ.%,j = T% - wn($2+%,y) dy (3.5)
i-3
L[t

- T

wn,i,j+% = T% T/Jn($7yj+%) dz. (3.6)

Now, integrating Equation 3.3 over a single grid-cell and dividing by Axz;Ay; yields

Q g 7 n dy d
szij/l /1 AAGES (f’w()) y do
2 Yj 2
7) dy dx.
Amszj/l /1
2 Yj 2
After some algebra, we find that

Hn Tin
m (wnﬂ"!‘%y] B wn,i—%,j) + Tw (wn,zd%—% B ¢7’L 1‘7_*> + Zt Z,jw'ﬂ,i,j = qnvizj

where

J—

1 Tivd  [Yitd
g = x n(z,y) dy dz. .
=3

o=

As is noted in [21], no approximations have been made in the spatial discretization at this
point in time. However, as it is written, Equation 3.7 has too many unknowns. We need a way
to relate the cell-averaged angular flux to the cell-edge fluxes. We do this using the diamond

difference approximation:

—_

¢n,i,j -
Vnjij =

(wn,i-&—%,j + wn,i—%,j) (38)

2
1
5 (wn,i,j—i-% + ¢n,i,j—%> (39)

Now, let us assume that for a given cell (i,j) and Q,, such that tn > 0 and n, > 0 the
cell-edge fluxes on the left and bottom boundaries are known. Now, we have three equations
(Equations 3.7, 3.8, 3.9) and three unknowns (¢, ;, ¢n7i+%7j, ¢n7i’j+%). This linear system is

trivial to solve; we can compute the cell-averaged flux by utilizing the following equation

2 2 2 2
Unjij = |Liti & nn} [qﬂvifr #nwn,if%f“ 77n¢

.1
Az; Ay, Ax; Ay; nij—3 (3.10)

and substituting this value into the diamond difference relations we can obtain the unknown
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cell-edge fluxes. In fact, as long as one of the vertical cell-edge fluxes and one of the horizontal
cell-edge fluxes is known, we can solve Equation 3.7 for a given cell. We’ll use this idea when

completing the 2D transport sweep.

3.1.2 2D Transport Sweep

Much like we did in one spatial dimension, we’ll sweep the mesh one angle at a time. Let us
choose one of the discrete angles Q,, such that tn > 0 and i, > 0 and, for now, let us assume
that all of the boundary conditions are explicit (not dependent on the flux near the boundary).
Then, the cell-edge incoming fluxes are known for all exterior edges where either z = x= 101

y = y1, as shown in Figure 3.2.
2

Yarir e
szi
¢
?
?
+ XY Ax;
)
¢
1
3’3;2+
hz’—. ® *—0-—0——o & *—& & &

Xz Xapz X1z Xz

Figure 3.2: For p, > 0, n, > 0, the cell-edge incoming angular fluxes denoted by red-circles are
known since the boundary conditions are explicit.

Now, let us consider cell (1,1). As we can see in Figure 3.3, two cell-edge fluxes are known
for cell (1,1), so we can compute the cell-averaged flux 1, 11 using Equation 3.10.

Then, using the diamond difference relations, we can compute the cell-edge fluxes on the
top and right boundaries of cell (1,1), as shown in Figure 3.4.

Moving along, we can now sweep right across the first row of our grid, computing the
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Figure 3.3: For p, > 0, n, > 0, the cell-edge fluxes denoted by red-circles are known since the
boundary conditions are explicit. The cell-centered value, denoted by the green diamond, can
be computed using Equation 3.10.

o

]
® ¢ B
O & &

Figure 3.4: Given the cell-edge fluxes on the left and bottom boundaries along with the cell-
averaged flux, we can compute the cell-edge fluxes, denoted by blue squares, on the top and
right boundaries using Equations 3.8 and 3.9.

cell-averaged fluxes and the unknown cell-edge fluxes, as demonstrated in Figure 3.5.

After the first row is complete, we can repeat this process in the second row. Since the first
row has been completed, cell (1,2) now has a known flux on the left and bottom boundaries,
allowing us to compute the cell-averaged flux for this cell. This is shown in Figure 3.6.

We continue this process of beginning in the first cell in a given row and sweep to the right

across the grid until we have computed all of the unknown cell-averaged and cell-edge fluxes
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Figure 3.5: We proceed to the right across the first row computing the unknown cell-averaged

and cell-edge fluxes.
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Figure 3.6: Evaluating unknown fluxes in the second row of our grid.

in that row. Once that row is complete, we move on to the next row, until we have swept to

the top of the grid. At this point, we repeat this entire process for the next angle in the first

quadrant.

We step through angles in Quadrants II, IIT and IV in a similar manner. For example, for

angles in Quadrant III (x < 0, n < 0), the boundary conditions are known for cell-edges lying

on the top of the grid and the right side of the grid. For these angles, we start in the top right

corner of the grid and sweep left, then down, similar to the way we swept through the grid for

angles in Quadrant I.
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3.1.3 Dealing with Reflective Boundary Conditions

In the previous section, we dealt only with rectangular domains in which all of the boundary
conditions were explicit (either a vacuum or given by a function which does not depend on
either the angular or scalar flux near the boundary). However, reflective boundary conditions

play a major role in reactor modeling and require some advanced treatment.

Left Boundary Reflective

We’ll begin by looking at a single reflective boundary condition, and let us choose for it to
be the left boundary as shown in Figure 3.7. Now, let’s pick a pair of angles Q1 = (y,7)
and Qy = (—pu,m) where both ¢ > 0 and n > 0. Then for a point 75 on the left boundary,
(T, Ql) = (7o, Qg), as shown in Figure 3.8.

Ay
VATST
Yatrz
XY :iX.
Yan
Yiz
Xz Xz X1z Xisaiz

Figure 3.7: Spatial domain with three explicit boundaries (single black line) and one reflective
boundary (triple black line).

After considering Figures 3.7 and 3.8, it should be clear that we must know the value of
(70, Qg) before we can begin a sweep across the domain for an angle Q4. In this case, we sweep

the domain in the following manner:

1. Choose an angle ) = (—p,n) where p,n > 0.

2. Beginning from the first row, right-most cell of the domain, sweep left across the domain

until we encounter the left boundary.
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Figure 3.8: Particles encountering the reflective boundary with angle Q) are reflected off in a
new direction .

3. Set (7, Q) = (o, Q%) where QO = (1, 7).
4. Sweep right across the domain until we encounter the right boundary.
5. Repeat steps 2 - 4, moving up one row at a time, until we’ve swept the entire domain.

This sweep method is depicted in Figure 3.9. We use this scheme for all pairs of angles
with n > 0. When n < 0, we use a similar scheme for sweeping the domain, but instead of
starting in the lower-right corner of the domain, we begin from the upper right corner of the
domain. One should notice that this sweep method is no more expensive than a sweep with
all four boundaries explicit. The same number of passes left and right across the domain take
place, only the order in which they’re performed has changed. This is not the case in the next

section when we consider reflective boundaries on the left and right.

Left and Right Boundary Reflective

In the previous case, with only one reflective boundary, we were easily able to determine incom-
ing fluxes on the left boundary by simply executing a sweep from right to left in the reflected
direction Q*. By utilizing the known incoming flux on the right boundary, we can propagate
flux information across the domain to the left boundary and now have all the information re-
quired to sweep back across the domain. This becomes far more complicated when a pair of
opposing boundaries are both reflective. In this case, the incoming flux on the right boundary

is dependent on the incoming flux on the left boundary and vice versa. With this problem con-
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Figure 3.9: Particles encountering the reflective boundary with angle (s are reflected off in a
new direction .

figuration, we are forced to iterate on the boundary conditions in order to determine incoming

fluxes on each side.

In this case, we sweep the domain according to the following plan:

1.

2.

Choose an angle Q = (—pu,n) where p,1 > 0.

Beginning from the first row, right-most cell of the domain, make an initial guess for

A~

w(Frighta Q) = \Ijgéght'

. Sweep left across the domain until we encounter the left boundary.
. Set (7o, Q) = ¥(Fiepe, ) where O = (1, 7).

. Sweep right across the domain until we encounter the right boundary.

. Let WreY = (Trighe, 0F).

right =

new old :

I || UTeh, — Yignell < 7 where 7 is a user-defined convergence tolerance, move on to Step
old _ \gynew
right = ~ right

8, otherwise set ¥ and repeat Steps 2 - 6.

. Move up to the next row and repeat Steps 2 - 7 until we’ve swept the entire domain.
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This scheme can be visualized in Figure 3.10.

A
I
i

s s

n
b

e o o

w
1
N—

Figure 3.10: We must iterate on the incoming flux until we’ve reached an acceptable level of
convergence when there is a pair of opposing reflective boundaries.

Again, we use this scheme for all pairs of angles  and Q* with n > 0. When 7 < 0, we
start at the top of the grid and work our way down using a similar scheme. It is important
to note that the mesh sweep for this configuration can be several times more expensive than
a mesh sweep when all boundaries are explicit. For optically thick problems, in practice we
see that 2 - 4 iterations are needed for the boundary conditions to converge, depending on the
accuracy of our initial guess. For smaller domains where the flux from the boundary has a
greater impact on the entire grid, more iterations may be required. If all boundary conditions
are guessed exactly correct, this scheme will be exactly as expensive as the case of all explicit
boundary conditions, but in general we should expect a sweep for this configuration to be at

least twice as expensive.
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Left and Bottom Boundary reflective

The final case which we will consider at this point is the configuration in which we have reflective
boundaries on a single corner and explicit boundary conditions elsewhere. For simplicity, let
us only consider the lower-left corner to be the corner with reflective boundary conditions, as

shown in Figure 3.11.

Figure 3.11: In this configuration the left and bottom boundaries are reflective and the remain-
ing boundaries have explicit boundary conditions.

It should be clear that the incoming fluxes are known for both the top and right boundaries.
Since these incoming fluxes are known, we can execute a mesh sweep for all angles Q= (=, —n)
with p,n > 0. For these angles we’ll sweep from right to left, top to bottom.

After the sweep along () has been completed, we now have partial information for the
incoming fluxes on the left and bottom boundaries. Now, on the bottom boundary, we know
the incoming flux for all directions Q* such that p < 0 and n > 0. Similarly, on the left
boundary, we know the incoming fluxes for all directions Q** with @ > 0and n < 0. With this
information, we can sweep all angles O starting from the lower-right corner and all angles QO
starting from the upper-left corner.

Finally, after all angles Q, O, and O™ are completed, we have complete knowledge of the
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incoming fluxes on the left and bottom boundaries. Therefore, we can finish the mesh sweep
by sweeping all angles Q*** where 1, n > 0 starting from the lower-left corner.

It is important to note that while we’ve had to change the order in which the mesh is swept,
the sweep for configurations with a reflective corner is no more expensive than a sweep for a
configuration with all explicit boundary conditions. While we do not initially have information
regarding incoming fluxes on the left and bottom faces of the domain, we can obtain this
information without iterating. For this reason, the sweep for a configuration with a reflective

corner is most similar to the case where one reflective boundary exists.

3.1.4 Dealing with Negative Fluxes

It is important to note that for a given cell, even if the incoming fluxes are both positive, it is
possible for the outgoing fluxes to become negative. Suppose that both v, 1 j and v, j_1 are
27 ’ 2

both known and positive. Then we can compute the cell-averaged flux using Equation 3.10.

Then, by rearranging the diamond difference relations, we can compute ;1 jand ¢, . 1 by
2 Ty
1
wn,i+%,j = 2(Ynij;— §¢n,i,%7j (3.11)
1
wn,i,j_;'_% = 2 <¢n,i,j - an,i,j—é> (312)

This tells us that if either ¥, ; ; < %wn,i—%,j or Py i < %wn,i,j—%’ at least one of the outgoing
fluxes will be negative. If ¥ is large compared to Ax and Ay, there is a good possibility of
encountering negative fluxes for cells where ¢; ; (the source) is small [21]. It is important to
note that as we make the angular mesh more dense, we will need to refine the spatial mesh as
well. We can see this by taking a closer look at Equation 3.10.

Negative fluxes do not reflect reality (they correspond to a negative distribution of neutrons)
and should be avoided. There are two simple ways to alleviate this issue. First, we can use
a finer mesh so that Ax and Ay are smaller in comparison to ;. This is not necessarily an
ideal solution, however. A finer mesh means more computation. If we double the number of
cells in both the z— and y—directions, we essentially quadruple the size of the problem. This
increases the cost, in terms of memory and time, of solving this problem and this cost may
become unreasonable before we’ve decreased cell sizes enough to avoid negative fluxes.

A second way to avoid negative fluxes is to set them equal to zero whenever they’re encoun-
tered. That is, after the out-going fluxes are computed for a given cell, we check each of the
outgoing fluxes and if either of them are negative, we set offending fluxes equal to zero.

A third way to avoid negative fluxes does exist, but does not use the diamond difference

relation for computing outgoing fluxes. Instead, we solve for the exact angular flux along
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characteristics by assuming a constant source inside the cell. This is referred to as the step
characteristics method [21, 19] and will be discussed briefly in the next section.

Depending on our method for solving the problem, refining the mesh is potentially a better
option if it is feasible. It may also be acceptable to allow negative fluxes for a few iterations.
It can often be the case that as the scattering source gets larger we will eventually avoid these
negative fluxes in later iterations. It is sometimes the case that while the angular flux may be
negative at a location (x,y) for some direction Q,,, it may be positive for all other directions.

In general, this problem should be addressed on a case by case basis.

3.1.5 Step Characteristics Discretization

In this section we will briefly derive the step characteristics method as found in [19]. We find
that this discretization is useful for large 2-D problems in which we cannot afford to refine the
mesh.
We assume that neutrons travel in straight lines between collisions and that these straight
lines are characteristics of transport equation, which are given by
dp

— T2 =Q. (3.13)

We will assume that within a given cell, Q) and X; are constant. We can integrate Equation

3.13 to recover
W = e 7t + / Qe >t tqy (3.14)
0

in which g is the angular flux on the boundary and s is the distance along the characteristic
to a point on the boundary.

Without loss of generality, let us assume that we are considering an angle in the first
quadrant (x> 0 and n > 0). Furthermore, let us assume that the angular flux on the left and
bottom boundaries of the cell do not vary in the y and z-directions, respectively. That is, we
assume the angular flux along horizontal and vertical lines (cell-boundaries) in space can be
written as step functions which depend on angle.

Now, let us draw a characteristic originating from the lower left corner of the cell. We can
visualize this cell in Figure 3.12. Furthermore, let us translate the domain so the bottom left
corner of the cell is coincident with the origin. Now, the angular flux at any point above or

below the characteristic line can be written as

¢below($a Y, K, 77) = Q(l - e_zty/n)/zt + ¢bottom€_2ty/n (3'15)
Dabove (T, Y, 1,1) = QL — e =) /8y 4ty pre™ =0/, (3.16)

60



Wabove

y Left

qJBeIow

Y Bottom

Figure 3.12: Configuration of cell for development of the step characteristics method.

Then, we can compute the average angular flux on the top and right boundaries using the

following formulas

1 [

wTight(Al.?va?n) = I w(A%y;Nﬂ?)dy (317)
Y Jo
1 Ax
1/}top(vayvu7n) = F 1/)(1:7 Aynu’a U)dx (318)
T Jo

It turns out that we can write an explicit formula for the average angular flux along the top

and right boundaries. We have

Vright = S+ (Wrepr — )1 = p)e™ + (Yrottom — S)p(1 — e %)/ (3.19)
wtop = S+ (wleft - S)(l - e—a)/a (320)
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if p<1and

wright = S + (wbottom - S)(l - eiﬁ)//B (321)
Yrop = S+ (wleft - 9)(1 - eiﬁ>/(p5) + (Yvottom — S)(1 — 1/p)eiﬁ (3.22)

if p > 1, where S, «, 8 and p are given by

S = Q%

a = YiAzx/p

B = EilAy/n
= a/p.

The value of p determines whether the characteristic passes through the top of the cell or the
right side boundary. Now, the cell average angular flux can be recovered by a rearrangement

of the relation

" wright - ¢left

wtop - ¢bottom
Yiave = S. 2
Az +n + ﬂ/J S (3 3)

Ay

This discretization guarantees that angular flux remains positive at all points in the domain.
Unfortunately, this discretization is not second order accurate like the diamond difference dis-
cretization [19]. However, we will employ the step characteristics method for the 2-D eigenvalue

problems considered in Chapter 4.

3.2 Source Iteration

As in one dimension, the most straightforward method for solving the 2-D transport equation

is source iteration. Given a source term Q(7,§2), we can solve the equation

~

Q- VY (7, Q) + S (7, Q) = Q(F, Q)

using the transport sweep described in Section 3.1.2. However, unless we are working in a non-
scattering and non-fissioning environment, we do not know the total source term, @, exactly.

Recall, for a one-speed problem, @ is given by
Q(F, Q) = / 4 Sy (7, Q- YO, ) + Seaa(7, Q)
47

so in order to compute (), we must already know the angular flux.

As in 1-D, we solve this problem iteratively. We take an initial guess, ¥(9), and use the
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following relation to produce new iterates:

QU (7, Q) = / dQ Ty (7, Q- Q) (7 Q) + Sean (7 ) (3.24)
47

Q- vt (7 Q) + 5y(FAy T (7, Q) = QY (F, Q) (3.25)

The differences between source iteration in one and two dimensions are minute. Generally,
since we cannot deal with the angular variable continuously, we represent that scattering term
in terms of Legendre polynomials. In this case, instead of storing the angular flux, we choose
to store several angular moments of the angular flux. These can be computed on the fly during
a transport sweep. Fortunately, this means that the angular flux never needs to be stored. In
2-D, the group angular flux is a 4-D array whereas the group scalar flux and higher moments
of the angular flux are only 2-D arrays.

In some cases, which we will demonstrate, source iteration may take hundreds or thousands
of iterations to converge. As the spatial domain gets bigger, more energy groups are used and
the angular grid is refined, this becomes an extremely expensive problem to solve. In this case,
source iteration is not a reasonable method for solving the transport equation. Instead, more
sophisticated methods like linear iterative solvers (e.g. Krylov methods), Diffusion Synthetic

Acceleration or moment systems are used to accelerate convergence.

3.2.1 Multigroup Transport Sweep

At each iteration, we must execute a single transport sweep which we will represent
1 -
i) = (Su+8+8)0 +4], (3.26)
T

in which £ represents the streaming and absorption terms, S represents the in-group scattering,
S, represents the down-scattering matrix, and Sy represents the up-scattering contribution.
However, in reality, we usually only execute the transport sweep one group at a time. For the
first group, we build the scattering source using the group scalar fluxes entirely from iteration
(n). However, for group 2, we can build the scattering source using the first group scalar flux
we just computed at iteration level iteration (n + 1) and the rest of the scattering source from

group fluxes at iteration level (n). In this sense, we should write
1 =
g+l — Zz—l Sy +8)d™ + Spath) 4 @ (3.27)
7r

to indicate that we are using the most current group scalar fluxes when computing the scattering
source for each group. In general, we represent this transport sweep using either Equation 3.26

or Equation 3.27, but we keep in mind the order in which this sweep is executed in practice.
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3.3 Linear Iterative Methods

Just like we did in Chapter 2, we can represent the transport equation as an integral equation

in terms of the scalar flux ¢. In this sense, the transport equation can be again written as

o=Ko+g.

K and g now reflect the 2D nature of the problem, but we can define these operators in the same
way we did in one spatial dimension. If we let G(¢) represent the action of a two-dimensional

mesh sweep, we can write the operator K and ¢ in terms of G. We have

g = G(0) (3.28)
Ko = G(9) - G(0).
Therefore, solving the two-dimensional transport equation is as simple as solving the linear

system,
M¢ =g,
where
M¢ = ¢ — G(¢) + G(0).

We'll notice this is no different than one-dimension, except that ¢ has dimension N, x N, where
N; represents the number of cells in the i-direction.

Applying Krylov methods to this system of linear equations is no more difficult than it was
in one-dimension, aside from memory concerns. Just as in Chapter 2, we can try to solve this
system with GMRES, TFQMR or BiICGSTAB. However, with the increased dimensionality, we
may not be able to store the entire Krylov basis built by GMRES in memory. In this case,
we’ll remind the reader that we can attempt to use GMRES with restarts, low-storage Krylov

methods, or turn to one of the other accelerators discussed in Chapter 2.

3.4 Nonlinear Diffusion Acceleration

In Chapter 2, we demonstrated that nonlinear diffusion acceleration, likewise JENK-NDA, was
highly effective in accelerating the convergence of the solution of the neutron transport equation.

In two spatial dimensions, we can accelerate source iteration using an identical formulation. We
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begin with the multi-group formulation of the neutron transport equation

G
N 1 '
Q- Vipg + g9 = Ar Z X _>g¢g/ + Qg
g'=1
before computing the zeroth angular moment. As in 1-D, we have

¢g = . 77[)9 dQ

—

J, = / Q b, dQ.
4
Now, unlike 1-D, the current, f, is a vector. Generally, we write J = [Tz, Jy]T in which

Jeg = /4 1t by d)
Jyg = /477% d.

Given our description of the current, we can now write the zeroth angular moment of the

transport equation for group g,

Vedg+ (Sig =597 ¢y = > B9y + Q. (3.30)
9'#g

Again, the neutron diffusion equation can be derived by using Fick’s law for the current,

- 1
J,=——V
g 3% Do)

which yields

1 /
V(gm0 ) + (S =50 = Y50y +Qy (3:31)
32t 7 g'#g

Just as in one spatial dimension, solving the neutron diffusion equation would be desirable
over solving the neutron transport equation as all that is required is a single sparse, banded
matrix inversion. However, we must recall that the neutron diffusion equation and the neutron
transport equation are not consistent [18, 2]. That is, if ¢* is a solution to the neutron transport
equation, it is not generally the solution to the neutron diffusion equation.

As in Chapter 2 and [18, 23|, we supplement Fick’s law with a drift term, 15, so that

upon convergence, the augmented diffusion equation is consistent with the neutron transport
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equation. We write

- 1 A
Jy = —=a—Vog + Dyoy. (3.32)
E

This vector equation can be broken down into its two components,

1 dg, -
e = — =94 D, :
1 dy -
= — —+D . .34
Jyvg 321:79 dy + y»g¢g (3 3 )

Substituting this definition of the group current (3.32) into Equation 3.30 yields a consistent

diffusion equation,

Vol —om—Vég+ Dyog ) + (Sig =S ¢y = Y NI 796y +Q (3.35)
Szt’g 9'#g

or

d[ 1 do,

d 1 dgzbg
dzx 344 dx

diy 321&9 dy * yg¢g:|

+ By =D gg = > S0 + Qg (3.36)
9'#9

In general, writing this equation in detail is too cumbersome, so we will write the system of

G equations in operator notation,
DO = (Sp+Sy)®+ 3, (3.37)
in which

Dy® = V- |—25—Voy+ Dyoy | + (Sig— SI79) ¢y,
32@9,

SLg® = Y NI,

Sug® = > 79

3.4.1 Picard NDA

As we’ve done previously, we’ll represent that transport equation using operator notation

ﬁm:i |:(SU+S+SL)CI)+Qi|
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so that we can represent the action of a transport sweep as an inversion of £. That is, we’ll

write
1 o
\II:E,C_I (SU"‘S‘FSL)@‘*'Q

Now, we describe Picard NDA in Algorithm 3.4.1

Algorithm 3.4.1: Picard NDA

Input ®© and loop counter n = 0.

while Scattering source not converged do
Update counter, n =n + 1.
Execute transport sweep:

1 =
who = = |(Sy+S+81)2™ + 4

Update high-order moments:
MO = / vHO 40
4
JHO / O WO o)
4

Compute D) = D(HO  JHO),
Solve the NDA Low-Order problem, Equation 3.37 for ®(™+1):
D(n-‘rl)(I)(n-i-l) _ (SL +SU) q)(n-‘rl) + Q

end while

As in 1-D, we see that Picard NDA is very effective compared to source iteration in solving

problems with high scattering ratios. Let us consider a simple test problem given by Table 3.1.

Table 3.1: Test Problem for Convergence Comparisons
Groups | Xs | 3¢ | 7w | Ty | No | Ny
1 995|110 1 | 1 |50 |50

We'll analyze the convergence of Picard NDA and Source Iteration by perturbing the solution
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to this problem and using it as the initial iterate for each algorithm. This initial iterate will be

given by
O (z,y) = ®*(x,y) + .1 [sin(20mz/7,.) + sin(207y/1y,) + sin(wa /7)) + sin(mwy/1y)] -

This represents a high frequency error mode along with a low frequency error mode. We’ll
compare the convergence of Source Iteration and Picard NDA using ®(©) as an initial iterate.
Figures 3.13 and 3.14 plot errors over the course of several iterations.

These figures clearly demonstrate how effective Picard NDA can be over Source Iteration.
In Figure 3.13, we can see that after 50 source iterations, the infinity norm of the error has
only been decreased by a single order of magnitude. Source iteration has effectively damped
the high frequency error mode, however the low frequency mode still persists. After another 50
iterations, the low frequency error mode has been damped further, but still exists.

In Figure 3.14 we see that Picard NDA handles both the high and low frequency error modes
effectively in relatively few iterations. After 1 iteration, the error has been lowered by an entire
order of magnitude. Each additional iteration reduces the error by roughly a single order of
magnitude. After 5 iterations the maximum error is less than 107°. After 10 iterations the
maximum error is roughly 1.3 x 10~?. Compare this to source iteration, in which the maximum
error after 10 iterations is roughly 1.3 x 1071

These results are nearly identical to the results produced in Chapter 2.

3.4.2 JFNK-NDA

As in Chapter 2, we can cast the NDA algorithm as a system of nonlinear equations and use a

Jacobian-Free Newton-Krylov method to solve the system. In this case, we write the system as
F(®) = [F1(D) F(®) - Fo(@)]" =0, (3.38)

in which
Fy(®) = [P0 — (Spy + Suy)| @ + Q. (3.39)

We remind the reader that

1 .
D = V- (g5 Yoy + Dy®)6, ) + By - 21N 0,
7g
Spg® = Y {7,
9'<yg
Sug® = > Ty,
g'>g
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Source Iteration Convergence Demonstration

Error After 1 Iteration
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Figure 3.13: Source iteration damps high frequency error modes quickly, however low frequency
errors persist.

in which the nonlinearity in F' is due to the dependence of D on .

We evaluate F' in the following order:

1. Input o.
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Picard NDA Converence Demonstration

Error after 1 Iteration
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Figure 3.14: NDA damps both high and low frequency error modes quickly.

2. Execute a single transport sweep, recover W70,

3. Compute high-order moments ®7° and JHO

4. Compute D = D(®HO  JHO),
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5. Compute F(®).

We solve F(®) = 0 using Newton-GMRES. That is, given an initial iterate, ®©), we iterate
e+ = o) — F' (M)~ (9™

where the Newton step is computed by applying GMRES to the linear problem

We precondition the linear solve with the matrix M !, where M is given by
M=D — (8 L+ SU)

where D is evaluated using the D from the most recent evaluation F.

3.5 Test Problems

As in Chapter 2, we’ll compare the methods we’ve discussed for solving the 2-D transport
equation on a set of test problems. These three tests are summarized in Table 3.2. Each of
these test problems is set in two groups and the domain is comprised of a single material. For
tests 1 and 2, we’ll use vacuum boundary conditions on each boundary. For test 3, we’ll consider
a reflective boundary along the z- and y-axes.

We’'ll apply source iteration, GMRES, Picard NDA and JENK-NDA to each of these prob-
lems and compare the iteration statistics. For each test, we’ll use an Sg angular discretization.
Furthermore, we will abandon the diamond difference discretization for the step characteristics
discretization in space.

Table 3.3 demonstrates the convergence behavior for the test problems described in Table
3.2 for four methods; Source Iteration, GMRES, JENK-NDA, and Picard NDA. As we can see,
as the scattering ratio increases, source iteration becomes more and more inefficient. For Test
3, it requires over 2500 transport sweeps to reduce the residual to a tolerance of 1078, GMRES
reaches the same convergence criterion in only 134 iterations. For all 3 test problems, both
Picard NDA and JENK-NDA perform very well, converging in under 20 iterations for each test

problem.

3.6 Conclusions

Moving forward, our goal will be to compute the dominant eigenvalue of the transport equation,

known as ks, or k-effective. The results from Chapters 2 and 3 will influence our choice in
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Table 3.2: Test Problem for Convergence Comparisons

Tests
Parameter 1 2 3
Group 1 2 1 2 1 2
> 5 2 1 3 5 10

] 0.40 | 0.05 | 0.90 | 0.10 | 4.00 | 1.00
279 0.00 | 1.95 | 0.50 | 2.40 | 0.00 | 9.95

Ta 5 1 10
Ty 5 5 10
N, 50 50 100
N, 50 50 100

Table 3.3: Transport Sweeps to Convergence

Tests
Method 1 2 3
Source Iteration | 200 | 55 | 2506
GMRES 19 | 15| 134

Picard NDA 11 | 11 11
JENK-NDA 16 | 14 14

algorithms for solving the k-eignevalue problem. We have seen how effective NDA-based algo-
rithms can be for accelerating the fixed-source problem. We will demonstrate in the following
chapter how NDA can be used in a very similar manner to accelerate the convergence of the
eigenvalue calculation.

Much like we did with the fixed-source problem, we can use NDA for the eigenvalue problem
to shift a large portion of the work from high-order transport sweeps to low-order diffusion
equation solves. This leads to two eigenvalue algorithms, NDA-PI and NDA-NCA, both of
which will be discussed at length in the following chapter.
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Chapter 4
Criticality Calculations

All of the work performed in Chapters 2 and 3 has been in preparation for this chapter, in
which we explore numerical methods for computing k.s;, or the dominant eigenvalue of the
neutron transport equation. Calculation of k.rs can be difficult and computationally expensive,
especially for practical reactor configurations, in which the dominance ratio is very near to 1.
If we order the eigenvalues so that |k;| > |k;| for all ¢ < j, the dominance ratio, p, is defined
to be the ratio of the magnitude largest eigenvalue (kefs = k1) to the magnitude of the second

largest eigenvalue [17, 23]. That is,

_ |k
kel

P

In the previous chapters, we’ve developed methods to solve
(I-K)® =y,

where the right hand side, g, represents some fixed quantity which is a function of the material
cross-sections, boundary conditions and fixed source. In both Chapters 2 and 3, we found that
NDA-based methods performed very well for a wide range of problems and was able to speed
up the convergence by several orders of magnitude over source iteration.

In this chapter, we will consider methods for solving the k-eigenvalue problem, which consists

of computing the dominant eigenvalue for
1
(Z-K)®= %}YD. (4.1)

In Equation 4.1, F® represents the fission source term, which is scaled by ﬁ to enforce
that the number of fission neutrons in each generation remains constant. For the k-eigenvalue

problem, the analog of source iteration is called power iteration. Just like source iteration for
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the fixed-source problem, power iteration is the most basic method for computing the dominant
eigenvalue. We’ll discuss power iteration in the following section, however before we move on, it
is important to note that power iteration suffers from the same deficiencies that source iteration
does for the fixed source problem, along with additional difficulties that arise in the eigenvalue
problem.

In Chapter 2, we showed that for highly scattering problem (¥;/%; ~ 1) source iteration
may take thousands or tens of thousands of iterations to converge. This is due to source
iteration’s inability to quickly damp long-wave length (diffusion) error modes. Essentially, for
highly scattering problems, source iteration cannot quickly compute the scattering source.

In this chapter, we find that power iteration struggles in the same regime. For high scattering
ratios, power iteration is slow to converge the scattering source. In addition to the scattering
source, power iteration must converge the fission production source. For problems in which the
dominance ratio, p, is nearly 1, power iteration will be slow to converge the eigenvalue.

For this reason, it is important that we develop methods that allow us to accelerate the
convergence of the dominant eigenvalue and its associated eigenvector. Keeping in mind the
noted deficiencies of power iteration, these methods must accelerate the computations of both
the scattering and fission source terms. We’ve shown how NDA-based methods can accelerate
the scattering source term and in this chapter, we will demonstrate how we can use similar
methods to accelerate the eigenvalue computation. We’ll derive a sequence of consistent low-
order eigenvalue problems which, upon convergence, will yield the dominant eigenvalue and can
be iterated upon at a fraction of the cost of a transport sweep.

Recent works have investigated using Newton’s method for solving the eigenvalue problem
for both neutron transport and diffusion theory [11, 12, 17, 23, 33, 31]. In [12] Newton’s method
is applied directly transport equation, whereas in [23, 33, 31] Newton’s method is applied to
an angular moment-based system. In [4], the authors use Nonlinear Krylov Acceleration in an

attempt to accelerate the basic power iteration algorithm.

4.1 Power Iteration

In the well-known and understood power method from mathematics, one considers successive

applications of a matrix, A, to an approximation to the eigenvector associated with the dominant

eigenvalue,
37n+1 = Afn
_ ?jn-&-l
Tnt1 = = .
" Hyn+1 ”
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Under the appropriate conditions (see Appendix B), ||#,+1]|| converges to the dominant eigen-
value and Z,y1 converges to its associated eigenvector. The power iteration algorithm is very
similar in the way in which we compute k..

As a reminder, we’re trying to compute the maximum value of k for which

(T-K)o = Fo (4.2)

is satisfied for some nonzero scalar flux ®. We can rewrite this as
(I-K)'Fd =k,
which suggests an iterative procedure similar to the one defined above

1 = (T-K)'Fo, (4.3)
EnJrl

— .
=

(I)n-‘,-l

However, upon further investigation, we realize that this iterative process would involve the
inversion of (Z — K) at each step (Equation 4.3). The inversion of this operator is the same as
solving a fixed source problem in which the right hand side is given by the fission source. In
general, this is an inefficient process and more expensive than necessary.

Instead, we avoid completely inverting (Z — K). Instead, we execute some fixed number of
transport sweeps for a fixed right-hand side, approximating (to some degree) the inversion of
(Z — K). This is described mathematically in Algorithm 4.1, referred to as Power Iteration.

The condition for exiting the inner while loop in Algorithm 4.1 can be replaced by some
condition which measures the relative difference between successive iterates. In practice, either
method will yield the appropriate eigenvalue, though depending on the choice of N or the
relative tolerance, one instance may outperform the other. However, this fact is somewhat
uninteresting as we have already noted that the convergence of power iteration is unacceptably
slow and demands acceleration.

In Section 4.3, we will demonstrate that power iteration may take thousands of transport
sweeps to compute the eigenvalue correct to six decimal places for a realistic reactor-like con-
figuration. We’ll also demonstrate that the same accuracy solution can be obtained using an
NDA-based method using on order 10 transport sweeps and a series of less expensive diffusion

solves.
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Algorithm 4.1: Power Iteration

Choose initial iterate ¢°, approximate eigenvalue k", outer iteration counter m = 0
while eigenvalue not converged do
m=m+1
Set @0 = ¢™ 1, inner iteration counter n = 0
while n < N do
n=n+1
Execute transport sweep:

1
k.m—l

VORI [(SU +8p)aY 4 s a0 4 Folm=b

O / APTS

end while
Update approximate eigenvalue

o _ 1 JvEp@Mav
B [vEppm=DdV

and the flux for the fission term

50 — )

end while

4.2 NDA-Based Eigenvalue Acceleration

Consider the multi-group k-eigenvalue problem

G G

A 1 / X
Q- Vipg + Xy g1y = I Z 29y + 2 ;’f Z Vg Py (4.4)
g'=1 I g=1

where g = 1,2,...,G. Just as we did in Chapters 2 and 3 when deriving the NDA low-order

Oth

equation, let us compute the angular moment of Equation 4.4,

G
Vody+ Sy — 5079 6y = SS90y + 22N us; 6, (4.5)
g'#g hess g'=1

Again, we must close this equation by relating the current to the scalar flux, and we do so

using the same Fick’s law plus correction term description we’ve used throughout this thesis
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23, 18, 32],

_ 1

Jg = Szmgv¢g+-ﬁg¢y (4.6)

Combining Equations 4.5 and 4.6 yields the NDA low-order eigenvalue problem,

G
Vog+ Dgdg| + (Bt,g —X979) ¢y = Z Eg/%g%’ + Xe Z Vifg g (47)
g'#9 hess g'=1

1

V. |——
B)IT

Upon convergence, the high-order eigenvalue problem (Equation 4.4) and the low-order eigen-
value problem (Equation 4.7) have the same dominant eigenvalue. That is, if D is evaluated
using the dominant eigenvector and the associated high-order current, then Equation 4.7 has
the same dominant eigenvalue/eigenvector pair as Equation 4.4.

In the two following subsections, we’ll discuss two NDA-based eigenvalue methods, NDA-
PI and NDA-NCA [23]. Both of these methods make use of the same low-order eigenvalue
equation, however they differ in the way this equation in solved. The general idea is similar to
that for fixed-source problems. We use the high-order equation to update the correction term,
D. Given this updated ]_A?, we use can use the low-order equation to update the approximate

eigenvector and eigenvalue.

4.2.1 NDA-PI

The first high-order/low-order eigenvalue method is referred to as NDA accelerated Power
Iteration, or NDA-PI [23]. This aptly named method uses the transport eigenvalue equation
(Equation 4.4) to build compute a correction term, D, for each group. Using this b, we build
a system of low-order equations (Equation 4.7) and solve this system using the power iteration
technique described before. We present this method formally in Algorithm 4.2.1.

NDA-PI improves upon power iteration in two distinct ways. First, we have accelerated
the convergence of the scattering source by using NDA. Much like NDA for the fixed-source
problem, NDA-PI allows us to converge the scattering source in significantly fewer iterations.
Secondly, now the power iterations take place in the low-order problem instead of in high-order
space. Not only have we cut down on the total number of iterations, but much of the work
has been moved to the low-order eigenvalue problem. This is much less expensive to solve and
saves us a considerable amount of high-order work.

In Section 4.3 we demonstrate the convergence results for NDA-PI for a set of 1-D and 2-D
test problems. We’ll notice that NDA-PI can be extremely effective compared to standard PI,
however there is still room for improvement by cutting down the number of low-order diffusion
solves. We’ll do this in two ways; In Section 4.2.2 we’ll consider NDA-NCA in which the low-
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Algorithm 4.2.1: NDA-PI
Choose initial iterate ®°, approximate eigenvalue k%, outer iteration counter m = 0
while transport eigenvalue not converged do
m=m+1
Execute a single transport sweep and compute angular moments

N [sqﬂml) =1 ! -Fpm=l

Compute D for each group

THO 1 HO
Jg o+ 35 Vo,
HO
(I)Q

D, =

Set inner iteration counter n = 0 and ¢(® = ®HO K0 — fm—1,
while diffusion eigenvalue not converged do

n=n+1

Update diffusion eigenvalue and eigenvector

6 = DS+

oy JvSpeMav
f VEf(JS(n*l)dV

f¢(n—1)

KTL

end while
Update transport eigenvalue

— ¢(n)
K = K"

end while

order problem is solved with Newton’s method. However, first we will consider a numerical

technique for accelerating the convergence of the eigenvalue.

Wielandt Shift

For any of these algorithms, when the dominance ratio, p, is nearly 1 we will suffer from slower
[A2]

m
convergence. As mentioned earlier, the power method converges with O ((W) > For reactor
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criticality problems, p can be very close to 1 and convergence can be unacceptably slow. We
can use known acceleration techniques to lower the dominance ratio and speed up convergence.
We'll consider one of these methods, the Wielandt shift [17, 23, 22, 26], in detail in this section.

In Algorithms 4.2.1 we move most of the computational effort to solving the low-order

problem
LO = )\Fo. (4.8)

for a new approximation to the eigenvalue and eigenvector. Note that £ is not the same operator
as was defined in the previous chapter. For now, we will assume that X¢(z) > 0 for all = so
that F is nonsingular.

We may re-write Equation 4.8 as

b =)\RP (4.9)
where

d = Fo (4.10)

R = FL (4.11)

Since both F and L are nonsingular, we know that R is nonsingular and has no zero

eigenvalues. We can list the eigenvalues
AL < Ao <o < AN (4.12)
Now, suppose we have some approximation X to A\; such that
A=A < [ha =A<< [Av = A (4.13)
We can modify the original eigenvalue problem and solve
(L—AF)p = pFo (4.14)
for the eigenvalue pu. Again, we re-write Equation 4.14 as

d = R (4.15)
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where

® = F¢ (4.16)
R = F(L-IF)L (4.17)

Since A is not in the spectrum of R, R is still nonsingular.

The power method now converges to = A\ — X at a rate of

PR By (4.18)
Ay — A

Clearly, this method can converge at a much faster rate than the standard power method. This
method for “shifting” eigenvalues is known as the Wielandt shift [17, 23].

In practice, we want to choose X close to A1, but not so close that R nears singularity. In
[22], the value of X is chosen so that

A= )\gk) — (small positive constant)

where )\gk) is the current best approximation to the dominant eigenvalue. In [22], the small

positive constant is chosen to be .01, and, in practice, we find this value to be quite effective.
For 1-D problems, the Wielandt shift can be highly effective in reducing the number of
low-order diffusion solves as we will see in the 1-D numerical results. However, by shifting
the spectrum, the Wielandt shift makes the problem less diagonally dominant and more ill-
conditioned [17]. This can easily be seen by considering the above analysis and Equation 4.17
and Inequality 4.13. This ill-conditioning is not a major concern in a 1-D, 1-group problem,
as the inversion of R is done with direct methods. However, when the problem grows larger
and we are forced to move from direct methods to iterative methods, this ill-conditioning can
prove to increase the amount of iterative work for each matrix inversion. For this reason, we’ll

present results in 1-D, however we will not consider the Wielandt shift in higher dimensions.

4.2.2 NDA-NCA

The second eigenvalue acceleration technique we’ll discuss is NDA accelerated Nonlinear Criti-
cality Acceleration [23], or NDA-NCA. We begin by considering the same low-order eigenvalue
equation that was derived for NDA-PI,

1

Vo |l——
3 4

G
A~ ’ X
v¢g 4 Dg¢g + (Et,g _ Eg%g) ¢g = Z Eg _)ggf)g/ + k: jf Z V2f7gl¢g/. (419)
g'#9 I g=1
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Now, for each group, we can write a nonlinear system of equations which is identically zero

when Equation 4.19 has been solved. This nonlinear equation is given by

G
1 ~ ' X
Fy(®,k) = V- _STV% + Dydbg | + (St,g — 247) g — Z 0y — f VYifg Py
b g'7#g g'=1
1
= Dypg— (Su+S8L)P — —xgFP (4.20)

k

Combining these G nonlinear systems and a constraint equation for &k, we build a square system

of nonlinear equations, F'(®, k), given by
F(®,k) = [Fi1(D,k) Fo(P,k) ... Fo(P,k) Fi(P, k)]T
where
F(®,k) =k — /.7-"<I>dV (4.21)

as done in [23, 17].
However, instead of solving F(®,k) = 0, we can use nonlinear elimination to remove the

dependence of F' on k. We notice Equation 4.21 is satisfied only when
k= /]—'(I)dV. (4.22)
Therefore, we write a new system of equations F'(®) = 0, given by
F(®) = [Fi(®) Fo(®) ... Fa(®)]"

where the eigenvalue, k, in each Fj is a function of ® as described in Equation 4.22 [17, 23].
We present, this method as Algorithm 4.2.2.

The goal with NDA-NCA is that by wrapping the low-order eigenvalue calculation in New-
ton’s method we can reduce the amount of low-order work required in NDA-PI. In Section 4.3

we will see that the savings can be vast.

Using Newton’s Method to Solve the Low-Order Eigenvalue Problem

In [17, 23], the authors elect to use a Jacobian-Free Newton-Krylov method to solve F'(®) = 0.
With this method, the Newton step, w, is computed by approximately solving
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Algorithm 4.2.2: NDA-NCA

Choose initial iterate ®(©) approximate eigenvalue k°, outer iteration counter m = 0
while eigenvalue not converged do

Update counter, m = m + 1.

Execute transport sweep and compute consistency term:

gm = gl [sq><m1>+ quﬂml)}

1
kmfl
PO — /\I/(m)dfl, jHO:/Q\Iﬂm)dQ

THO 1 HO
. J1O 4 -V
- PHO

Solve F'(¢) = 0 using a Jacobian-Free Newton-Krylov method, where

F(¢) = Do~ (Su+SL)¢—

1
xF¢ in which (4.23)
!

kepf = /]—"¢dV

Update flux and eigenvalue: &™) = ¢, k(™) = [v5 ¢ dV.
end while

using GMRES. Here, the Jacobian F’(®) is not formed explicitly. Instead, we write a Jacobian-
vector product routine which approximately computes the action of the Jacobian on a vector,

given by

F(®+ ew) — F(®)

€

F'(®)w ~

for some small e. This finite-difference Jacobian-vector is very commonly used in Jacobian-Free
Newton-Krylov implementations, however may be suboptimal.

In addition, since GMRES is being used to solve for the Newton step, preconditioning
becomes very important. The authors of [17, 23] use a single diffusion power iteration as a
preconditioner and find that this is highly effective. We will demonstrate this for a variety of
test problems in Section 4.3.

However, instead of using this finite difference Jacobian-vector product, we can demonstrate
that the Jacobian is a rank-one update to a sparse, banded matrix. This allows us to employ the
Sherman-Morrison formula [15] for a less expensive, direct inverse. This fact is demonstrated

in the following theorem [31].

Theorem 3. The Jacobian, F'(¢), for the function, F, described by Equation 4.23, can be
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decomposed into the sum of a sparse matrix and a rank-one update.

Proof. We can compute the action of the Jacobian on a vector using the formula

F/(¢)w — lim F(¢ + ew) — F(¢)

e—0 €

(4.24)

Before applying this formula, we should note that we can break down the function, F', into its

linear and nonlinear components

F(¢) = A¢p— N(¢) where (4.25)
A = D¢ —(Su+SL)¢ (4.26)
N(@) = me (4.27)

In Equation 4.27 we write k. rr(¢) to note the explicit dependence of k.sr on ¢. It is important
to note that k.s; is a linear function of ¢.

Now, we begin by noticing that we can write
F'(¢p)w = Aw + N (¢)w. (4.28)

At this point, the only thing left to do is compute N’(¢)w. For this, we turn back to Equation
4.24 and write

N(p+ ew) — N(9)

! — 1
N (¢)w eg% €
1 _ 1
— lim keff(¢+€’w)X]:(¢ + ew) kegy() XFo
e—0 €
xF p+exFw _ xF¢
— lim kepp(@)tekepp(w) — kepr(9)
e—0 €
exFw xXF¢ _ _XF¢
— Im kegyp(@)+ekesyp(w) 1 lim kepp(@)tekerr(w)  kepr(d)
e—0 € e—0 €

XF ¢ keyy(9)—XF[kesr(@)+ekess(w)]
(ke g s (@) Fekes s (w)]-kepr(¢)

1
= ——xFfw+lim
e—0

kepp(o) €
1 . —XF ¢ - kegp(w)
- \Fw+l
Ferr(@) " e [kepp (@) + €kesp(w)] - ke ()
1 kepr(w)
— Fw — NF 4.29
Fers (@)Y hepr(@)2X ¢ (4.29)

Lastly, let’s show that we can write the discrete form of the final term of Equation 4.29 as a
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rank-one matrix times the vector w. In order to see this, we should first note that we can write

—,

kep(6) = W'FG (4.30)

in which W is a vector of weights used to compute the numerical integral over the spatial
domain.

Now, we have

where

Ny
I

Combining these results, we have

1
Jo = Lo+ -Fd+ g7
C

= Mw+ g7 @
= (M +y7")w (4.31)

That is, the Jacobian, J, can be decomposed into a sparse, banded matrix, M, and a rank-one
update. O

This matrix, M, is the same matrix that that we use as the preconditioning operator when
solving for the Newton step using GMRES. Clearly, using the Sherman-Morrison formula to
invert the Jacobian costs the same as two preconditioner applications and thus must be less
expensive that two GMRES iterations. This implies a nearly guaranteed savings over Newton-

GMRES for solving the low-order eigenvalue problem.
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Furthermore, when using GMRES to solve

we do not solve this equation exactly. Instead, we find a w such that
IF'(®)w + F(®)|| < nl|F(2)],

in which 7 is some small positive constant. In contrast, using the Sherman-Morrison formula
with direct inversion of the matrix, M, computes the Newton step to machine tolerance.

To summarize, by exploiting the structure of the Jacobian of F, we can compute a higher
accuracy Newton step at a lower cost than solving this linear system using GMRES. In addition,
it is important to note that, in practice, we find that it is most efficient to take a single Newton
step instead of solving F'(®) = 0 to a tight tolerance. The low-order problem is used to update
the eigenvalue/eigenvector pair, but at early stages in the iteration, the low-order problem is
only a weak approximation to the high-order problem. It is counter productive to put too much
effort into solving what is essentially the wrong problem. Instead, at each iteration, we take a

single Newton step and use the high-order equation to build a more accurate low-order problem.

Applying a Line Search

Most implementations of Newton’s method include a line-search (see Appendix A) to ensure that
the new Newton iterate yields a smaller residual. With NDA-NCA, we forgo the traditional
line-search which evaluates F' at the new iterate. Instead, we use our knowledge that the
fundamental mode is strictly positive [21, 23, 2, 7] to demand that the new scalar flux is
positive everywhere. If the new flux is negative at any point in the domain, we cut back on
the length of the step until the new flux is everywhere positive. In practice, we see that this

“physics-based line-search” is only activated when the mesh is too coarse.

4.3 Results

In this section we will present convergence results for each of these methods in both 1 and 2
spatial dimensions. These results demonstrate that NDA-based eigenvalue methods are capable
of providing a 2-3 order of magnitude speedup over power iteration. We’ll first present results
for three 1-D, 1 group, multimaterial eigenvalue problems as simple proof of concept. After this,
we’ll look at three 2-D, 2 group, multi-material test problems that demonstrate the effectiveness

of these algorithms on more realistic reactor problems.

85



4.3.1 1D Test Problems and Results

In order to draw a comparison between the effectiveness of these algorithms, we will consider
three test problems, as described in Table 4.1. Each of the problem domains will consist of a
single fissile region padded on each side with a 5 mean-free-path reflector as shown in Figure

4.1. These tests have been modified from the sample problems described in [20, 17].

M
n

5, =.144 5.=0
FISSILE REGION |

X =—t O

I
9]
x

I
—

1
9]
>

I
—

Figure 4.1: Fissile region surrounded by two 5 m.f.p. reflectors.

Table 4.1: One-Dimensional, One-Group, Slab Geometry k-Eigenvalue Test Problems

Test 1 2 3
s | .856 | .856 | .856
St 1 1 1

vy | 144 | 144 | 144

T 110 60 35
N, | 5500 | 3000 | 1750

We will consider a total of 5 methods for solving these problems: power iteration for a
baseline comparison, NDA-PI with and without the Wielandt Shift, NDA-NCA in which a
Krylov method is used to compute the Newton step (NDA-NCA(K-PI)) and NDA-NCA in
which a direct method is used to compute the Newton step (NDA-NCA(D)). For each test,
we will use 40 angles in the angular quadrature. Both the inner and outer iteration will be
converged to a tolerance of 10712, The convergence results for these test problems are displayed
in Table 4.2. For NDA-PI and NDA-NCA, the first number refers to the number of transport
sweeps required and the second number refers to the number of diffusion solves that take place.

It is clear from Table 4.2 that both NDA-PI and NDA-NCA provide major improvements
over Power Iteration. It should be clear from these simple tests that standard power iteration is

not a feasible method for solving the k-eigenvalue problem. Even for Test 3, which is relatively
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Table 4.2: One-Dimensional, One-Group, Slab Geometry k-Eigenvalue Test Problems Conver-
gence Results

Method Test 1 Test 2 Test 3
Power Iteration | 52700 0 16780 0 5571 | 0
NDA-PI 10 3594 11 1547 | 12 | 517
NDA-PI(WS) 10 89 11 22 12 34
NDA-NCA(K-PI) 14 144 12 95 12 85
NDA-NCA(D) 10 20 11 22 12 24

simple, it takes on the order of 5000 transport sweeps to compute the eigenvalue. Compare
this to the 10-12 transport sweeps required for to compute the eigenvalue using NDA-PI or
NDA-NCA.

At this point it is reminding the reader that the number of diffusion solves does begin to
effect the computational time required to compute the eigenvalue. While transport sweeps are
significantly more expensive than diffusion solves, Table 4.2 demonstrates that thousands of
diffusion solves may be required to compute the eigenvalue if the low-order eigenvalue problem
is not accelerated. For each of these test problems, the table shows how effective the Wielandt
shift can be when applied to the Low-Order eigenvalue problem.

Furthermore, we can see that NDA-NCA (D) outperforms each of the other methods consid-
erably. The direct matrix inversion improves the algorithm in two distinct ways. First of all, it
is far cheaper in terms of diffusion solves per outer iteration. The direct matrix inversion costs
roughly the same as two preconditioner applications within the Krylov iteration. Secondly, the

Krylov method only attempts to find a step w such that

IF (@)w + F ()l < nl F()], (4.32)

where 7 is generally chosen equal to .01. The direct matrix inversion, however, solves the
linear system to machine tolerance. In essence, the direct matrix inversion computes a more
accurate Newton step at a lower cost. This more accurate Newton step may lead to fewer outer

iterations, as is demonstrated for Tests 1 and 2 in Table 4.2.

4.3.2 2D Test Problems and Results

In this section we’ll consider three 2-D, 2 group multi-material eigenvalue problems. We’ll
display results for each of these problems individually in order to give a full breakdown of
domain and material properties.

For each test we’ll terminate on eigenvalue residuals less than 10~7. As an initial iterate for
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each method we’ll use power iteration to solve the diffusion eigenvalue problem to a tolerance
of 1073. This provides a good approximation to the eigenvalue and eigenvector and helps
ensure that we converge to the dominant eigenvalue. It is important to realize that computing
this diffusion eigenvalue is done only to proved a strong initial iterate. Solving the diffusion
eigenvalue problem (Equation 4.23) to tighter tolerance makes no significant difference in the
amount of iterations to convergence. For each of the following tests we will utilize an Syg

angular quadrature.
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Test 1

The first test is a 2-group, three material problem (TMR) as described in [13]. We display the
material configuration in Figure 4.2 and list the material and domain properties in Tables 4.3
and 4.4.

Three Material Reactor Configuration
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Figure 4.2: Three material reactor layout with regions labeled 1 - 3.
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Table 4.3: 2-D Eigenvalue Test 1 Material Parameters
Material | 31 Yo yi=l | ui=2 | y2=2 v Yo
1 0.2950 | 2.0080 | 0.2453 | 0.0493 | 1.9880 0 0
2 0.2631 | 0.9416 | 0.2269 | 0.0241 | 0.8206 | 0.0085 | 0.1851
3 0.2604 | 0.8333 | 0.2344 | 0.0160 | 0.7333 | 0.0060 | 0.1500

Table 4.4: 2-D Eigenvalue Test 1 Domain Parameters

Te | Ty | Nz | Ny | x1 | x2 | Boundaries
125 | 130 | 125 | 130 | 1 0 | All Vacuum

Test 1: Results

Table 4.5 demonstrates the convergence results for power iteration and the three NDA based
acceleration algorithms. As we can see, for this problem power iteration converges quite slowly.
Each of the NDA based algorithms converges in 10 outer iterations (10 transport sweeps). NDA-
PI requires a significant number of low-order diffusion solves. Though each of these solves is
less expensive than a transport sweep, the nearly 300 low-order solves do take a considerable
amount of time. NDA-NCA(K) cuts the number of diffusion solves by a factor of roughly 4.
NDA-NCA(D) improves on this number considerably. In Figure 4.3, we plot the eigenvector

corresponding to the dominant eigenvalue.

Table 4.5: 2-D Eigenvalue Test 1 Results

Method Transport Sweeps | LO Function Evaluations | Diffusion Solves
Power Iteration 5600 0 0

NDA-PI 10 0 299
NDA-NCA(K) 10 59 69
NDA-NCA(D) 10 10 20
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Group 1 Scalar Flux <107
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Figure 4.3: Plot of eigenvector corresponding to dominant eigenvalue for TMR problem.
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Test 2: Zion Reactor

The second test is a 2-group, five material problem as described in [28, 1]. We display the
material configuration in Figure 4.4 and list the material and domain properties in Tables 4.6
and 4.7.

Zion Reactor Material Layout
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Figure 4.4: Zion reactor material layout with regions labeled 1 - 5.

Test 2: Results

The convergence results for Test 2 are given in Table 4.8. Much like Test 1, the convergence rate
of power iteration very slow. Each of the NDA based methods converge in exactly 6 transport

sweeps. This is represents over a 1400 times reduction in the number of transport sweeps
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Table 4.6: 2-D Eigenvalue Test 2 Material Parameters

Material | 31 Yo yi=l | ui=2 | y2=2 v Yo
1 0.3564 | 0.9936 | 0.3232 | 0.0000 | 0.8476 0 0
2 0.2351 | 0.8928 | 0.2093 | 0.0174 | 0.8261 | 0.0054 | 0.1043
3 0.2349 | 0.8920 | 0.2091 | 0.0169 | 0.8159 | 0.0060 | 0.1247
4 0.2337 | 0.8907 | 0.2083 | 0.0166 | 0.8071 | 0.0065 | 0.1412
5 0.2290 | 1.1497 | 0.1995 | 0.0290 | 1.1402 | 0.0005 | 0.0095

Table 4.7: 2-D Eigenvalue Test 2 Domain Parameters

Ty

Ng

Ny

X1 | X2

Boundaries

183.67

183.67

136

136

110

Reflective Corner

required to compute the eigenvalue to the same accuracy. NDA-NCA provides a reduction in
the number of low-order diffusion solves. Again, we see the dramatic increase in efficiency by

using a direct inverse of the Jacobian when computing the Newton step. A plot of the dominant

eigenvector can be found in Figure 4.5.

Table 4.8: 2-D Eigenvalue Test 2 Results

Method Transport Sweeps | LO Function Evaluations | Diffusion Solves
Power Iteration 8750 0 0

NDA-PI 6 0 247
NDA-NCA(K) 6 50 44
NDA-NCA(D) 6 6 12
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Figure 4.5: Plot of eigenvector corresponding to dominant eigenvalue for Zion reactor problem.
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Test 3: LRA-BWR Reactor

The final 2-D test is a 2-group, five material problem as described in [28, 23, 1]. We display
the material configuration in Figure 4.6 and list the material and domain properties in Tables
4.9 and 4.10.

Material Layout

y position

20 40 60 80 100 120 140 160
X position

Figure 4.6: LRA-BWR material layout with regions labeled 1 - 5.
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Table 4.9: 2-D Eigenvalue Test 3 Material Parameters

Material | 31 Yo yi=l | ui=2 | y2=2 Y1 Yo
1 0.2656 | 1.5798 | 0.2321 | 0.0253 | 1.4795 | 0.0019 | 0.0449
2 0.2623 | 1.7525 | 0.2280 | 0.0277 | 1.6821 | 0.0019 | 0.0357
3 0.2648 | 1.5941 | 0.2306 | 0.0262 | 1.5107 | 0.0019 | 0.0420
4 0.2648 | 1.5941 | 0.2306 | 0.0262 | 1.5208 | 0.0019 | 0.0420
5 0.2652 | 2.0938 | 0.2170 | 0.0475 | 2.0747 | 0.0000 | 0.0000

Table 4.10: 2-D Eigenvalue Test 3 Domain Parameters

Ty

Ty

N, | N,

X1

X2

v

Boundaries

165

165

165 | 165

110

2.43

Reflective Corner

Test 3: Results

The convergence results for the final test can be found in Table 4.11. For the LRA-BWR test
problem, we find that power iteration requires over 15000 iterations. Both NDA-PI and NDA-
NCA(D) require only 13 transport sweeps to converge to the same tolerance. NDA-NCA (K)
requires an extra transport sweep, however this still represents over a 1000 times decrease in
transport sweeps. Much like the first two tests, NDA-PI requires a significant number of low-
order diffusion solves. While NDA-NCA(K) requires an extra transport sweep, the decrease in
the amount of low-order work makes it more efficient than NDA-PI. Again, NDA-NCA(D) is
the most efficient of the NDA-based algorithms. Figure 4.7 displays the dominant eigenvector

for the LRA-BWR test problem.

Table 4.11: 2-D Eigenvalue Test 3 Results

Method Transport Sweeps | LO Function Evaluations | Diffusion Solves
Power Iteration >15000 0 0

NDA-PI 13 0 443
NDA-NCA(K) 14 98 84
NDA-NCA(D) 13 13 26
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Figure 4.7: Plot of eigenvector corresponding to dominant eigenvalue for LRA-BWR problem.

97



4.4 Conclusions

In the preceding section we were able to demonstrate for a series of 1 and 2-D test problems
that in every case examined, power iteration converges very slowly. For the easiest 1-D problem,
power iteration still required over 5000 transport sweeps to converge to a relative tolerance of
1072, For the most difficult 2-D problem we examined, power iteration needed over 15000
transport sweeps to converge to 10~7. It should be clear from this spectrum of test problems
that unaccelerated power iteration converges unacceptably slow.

For each of these test problems, the three NDA-based methods we considered provide a
remarkable speed-up over power iteration. These methods move much of the iterative work
from the high-order transport equation to the low-order diffusion equation. Recall that these
low-order iterations occur for a small phase space, one in which we’ve removed the angular
dependence we see in the high-order angular flux.

For all six tests, at the very worst the NDA accelerated eigenvalue methods converge in
under 15 iterations. This represents a 400-1200 times reduction in transport sweeps. We've
demonstrated that these NDA-based methods now require low-order function evaluations and
sparse, banded matrix solves at each iteration. In every case, NDA-PI requires the most low-
order matrix solves. This number is reduced significantly by NDA-NCA(K) and reduced even
further by NDA-NCA(D). NDA-NCA(D) is the most efficient algorithm for each of the 1-D and

2-D test problems examined.
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Chapter 5

Stochastic Methods for Neutron
Transport

In the previous chapters, we’ve focused primarily on determining the neutron scalar and angular
flux by solving partial differential equations, namely the neutron transport equation and its
angular moments. As we’ve mentioned, the neutron transport equation can be quite expensive
to solve, especially when the material configurations are complex and we’d like to determine
the flux over several energy groups or when using a large angular quadrature set. Furthermore,
in many cases it may be cost prohibitive (in terms of memory or computational time) to use a
dense enough angular quadrature set or spatial grid to capture all the physics required to get
a valid picture of the physical state of a nuclear reactor [21].

In order to deal with these issues, many nuclear engineers choose to solve the neutron
transport equation using stochastic methods. These methods allow for a continuous (or nearly
continuous) treatment of space, angle and energy. This frees us of discretization errors and
may allow us to capture the physics more exactly than we could while employing S,, methods.
For example, suppose we discretize in space using rectangular grid cells. In this case, we are
required to treat some regions of a reactor, such as cylindrical fuel pins, inexactly. Monte Carlo

methods allow us to treat these spatial features more precisely.

5.1 Introduction to Monte Carlo

This chapter will act as an introduction to Monte Carlo methods for solving the neutron trans-
port equation. Monte Carlo methods attempt to realize probablistic events using the sampling
of random numbers [21]. For example, suppose we’d like to simulate the flipping of a fair coin
and we wish to determine the result of a flip - either heads or tails. We can simulate the

outcome of the event by selecting a uniformly distributed random number £ € [0,1). We will
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assign the outcome “heads” whenever £ € [0,.5) and “tails” otherwise.

Monte Carlo methods also give us the ability to simulate more complicated events. Suppose
we have a probability distribution function, f(x), which describes the probabilty of a random
variable taking certain values. The probability that x falls between two values, a and b, can be

determined by

b
Prla <z <b| = / f(z)dx.

Furthermore, we can describe the probability that x is less than some value a by
a
F(a) =Prlxz <a] = / f(z) dx,
—o0

where F'(x) is called the cumulative distribution function or CDF.

Now, suppose we wish to use random number generation to pick x’s according to the prob-
ability distribution function, f(z), with associated cumulative distribution function, F(z). We
begin by taking a uniformly distributed random number ¢ € [0, 1). Then, we compute the value

of the random variable x* by finding = such that
Fo)= [ flo)dn=¢

or simply define z* as

Using these simple ideas, we can simulate the entire life of a neutron using a sequence of a
random numbers.

In practice, during numerical simulations we store the probability density function as a
vector, f, where each component of the vector corresponds to a measure of the scalar flux (or
current, etc) in a given spatial cell. In this case, we compute the CDF using a summation

F; . 23:1 fj

=

Zj‘vzl fj.

Now, when we pick a random number £, we must interpolate the vector F to find a value of z
corresponding to £&. When we choose to use a large number of particles, it may be more efficient

to build a look-up table to aid in the computation of x.
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5.2 Monte Carlo for Neutron Transport

If we were to track the entire life of a neutron we’d need to know the following information:
1. Where was the particle born?
2. What direction did the particle travel?

3. How far did the particle travel in that direction before either leaving the system or un-

dergoing a collision?

4. If the particle collides, does the collision interaction result in scattering, absorption, fis-

sion?

5. If the particle scatters, which direction does the particle travel after scattering, what is

its energy after the collision, and how far does it travel?

6. If the collision results in a fission event, how many fission neutrons are created, which

direction do these neutrons travel, with what energies are the fission neutrons born, etc.?

If we can determine probabilities for these events, either experimentally or by deriving
these probabilities based upon the underlying physics, we can use the Monte Carlo method
to simulate the lives of thousands, millions, or billions of particles. As we increase the total
number of particles in our simulation, we can get closer and closer to determining the true
values of the neutron flux and current. As the number of particles, IV, increases, the variance

in the simulation decreases like (’)(ﬁ) [21].

5.2.1 Determining the Mono-energetic Neutron Flux in 1-D Homogeneous
Slab Geometry with a Fixed Source

Suppose we wish to determine the neutron scalar flux in a homogeneous slab where all neutrons
live within a single energy group and are produced by a constant fixed source. Furthermore,

let us assume that scattering is isotropic. We’ll define the following cross-sections:

Se(z) = X
S(z) =
Ys(z) = X
Yrz) = 0

Furthermore, define the total system length, 7, and some fixed source distribution S(z). We

wish to determine the scalar flux, ¢(z), and the neutron current, J(z).
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We'll begin by defining a probability distribution function that describes the distribution of
particles generated by the right-hand side source term (scattering plus fixed sources). S(x) is

not necessarily a probability distribution function because there is no guarantee that

/OTS(x)d:rzl

and, in fact, this equality will not hold in most cases. To deal with this, we define the probability
distribution function, Q(x), by
S(x)
Qz) = T 5(2) da”
fo (x) dz
Now, the integral of Q(x) over the entire domain must be one. We will sample from this source
distribution instead of S(x) and then weight particles according to the total number of particles
in the simulation and the source strength.
Let us consider the life of the i*" particle in the simulation. The first thing we need is an
initial location. To do so, we pick a uniformly distributed random number £; and we choose

our initial location xg defined by

&1 = /Owo Q(z)dx.

In this section, we will assume all random numbers are uniformly distributed over the interval
[0,1). Once we have our initial location, x(, we need an initial direction. Instead of sampling the
initial direction explicitly we will sample the direction cosine, u = cos(6). Since p is uniformly
distributed over the interval [—1, 1], we pick a second random number £, and define our initial
direction cosine by p = 2& — 1.

Now that we have an initial location and direction for the particle, we need to determine
how far the particle travels before undergoing its first collision. The probability of traveling a

distance of z mean-free-paths in a material without colliding is given by

f(z) =¢e".

Therefore, the cumulative distribution function is given by

F(z):/ e ?d7.
0

We can determine the distance the particle travels by generating a third random number &3
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and solving for z

53:/ e ?dy.
0

A bit of calculus reveals
z=—In(1—-¢&). (5.1)

However, since &3 is uniformly distributed in [0, 1], 1 — &3 is also uniformly distributed in [0, 1].

Therefore, Formula 5.1 is equivalent to

z=—1In(&).

This simplification may seem trivial, but can result in a significant time reduction when we
consider that this computation may take place billions of times. In terms of distance, the

particle will travel

z

Tstream — 27
t

centimeters.

At this point, we have the particle’s initial location, g, initial direction, u, and the distance
traveled before the first collision, Zstreqm. The location of the first collision is given by Zcoirision =
To + b+ Tstream- Before the simulation can continue, we must determine if X oji5i0n i located
within the slab. If x.oision lies within the slab, we set 1 = Teoision. If Teollision lies outside
the domain, we need to check to determine whether it crossed a reflective or vacuum boundary.
If the boundary was reflective, the particle collision location is reflected back into the domain,
otherwise the life of the particle is over.

If the particle remains within the slab at the point of the first collision, we must determine
whether the particle undergoes a scattering or an absorption reaction. We generate a new
random number £ and say that the particle scatters if £4 < % and the particle is absorbed if
&y > ‘;—: If the particle is absorbed, the particle history is terminated. If the particle lives on,
this process is repeated where a new direction is computed, we determine a distance for the
particle to travel and then test again for streaming out of the slab, scattering, or absorption
until the particle history terminates. Once all of the particle histories have been terminated
and recorded, we tally the results and report the scalar flux and current. In practice, we tally

these quantities on the fly to avoid storing all of the particle histories.
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5.2.2 Tallying Quantities of Interest

When tallying quantities like the scalar flux and current, our choice as to how to tally is
influenced by one basic consideration - where do we need our data? In some applications, we
may need values of the scalar flux at cell edges, while in other applications it may be most
helpful to have cell-averaged quantities. Furthermore, it may be necessary to compute the cell-
averaged scalar flux, but cell edge values of the current. For this reason, we develop methods
for tallying each of the moments at cell edges and as cell-averaged quantities.

Before continuing, let us introduce some notation and definitions that will allow us to
tally these quantities. Let n; denote the 4t particle in the simulation. Each neutron in the
simulation takes a series of flights & = 1,2,...,N;, defined as the flights between collisions.
That is, a neutron which undergoes three collisions before either leaving the medium or being
absorbed takes four particle flights: one flight from birth to the first collision, a flight between
the first and second collisions, a flight between the second and third collisions, and a flight after
the third collision before leaving the medium or being absorbed.

Define the set X, 1 as the set of all particle flight indices (j, k) such that the k" flight of
the 5 particle in the simulation crossed the cell face between cells i and i+ 1. Furthermore, let
wj  denote the weight of the 4t particle during the k** flight. In this case, the term “weight”
does not refer to a measure of the mass of the particle, but instead a factor attached to the
particle that measures its contribution to certain tallies. In classic Monte Carlo simulations,
wjr = wjp for all k, where w; is the weight of a particle at birth and is generally constant
for all particles or is proportional to the source strength at the birth location. When variance
reduction techniques are in place, particle weights may vary based upon how many collisions a
given particle has undergone or the initial particle flight direction [21, 5].

Furthermore, let Wyt = > wjo, that is, the sum of all initial particle weights. Since
neutrons change direction after each interaction, we’ll let p; denote the direction of travel of
the j'" particle during its k" flight.

Cell Edge (Face) Tallies

41 The scalar flux can
2

be interpreted as the total path-length traced by all particles per unit volume [21]. Therefore,

We begin by tallying the scalar flux at a cell face, that is some location x,

we can realize the scalar flux ¢ at the location z; 1 by
2

1 Wi ke
b1 = Z 1> (5.2)
2 WTotal (j,k)EXH_% ‘:U’J»k’
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Recall that the current, J, is given by

1
J(x) = /1 (@, p)dp.

Therefore, the current can be interpreted as the total path-length traced by all neutrons at the

location x;

1 scaled by the direction of travel u:

1 Hjk
i1 = > wiki (5.3)
My k

Cell-Averaged Tallies

We can compute cell-averaged tallies is a similar way. This time, define the set Y; as the set of
all particle flight indices (j, k) such that the k" flight of the j** particle takes place (at least
partially) within the i*" cell. Furthermore, define Ax; ;1 as the x—distance traveled within the
ith cell during the k" flight of the j** particle.

Now, we tally the three quantities of interest in a manner similar to that of the cell-edge

tallies. The scalar flux and current are given by

1 W; kAL j i

o = | 2o T (5.4)
AVzVVTotal (.R)EY, |ﬂ'],k|
1 W AT 1k
J = — Z ZDRTTGGREGR (5.5)
AV;VVTotal (. R)EY; ‘:u’j,k’

where AV refers to the volume, or width, of the ith cell.

Comparing the Cell-Edge and Cell-Averaged Tallies

As we’ve noted earlier, there are times in which we may need the scalar flux and current tallied
at cell interfaces and other times where we may need these quantities tallied as cell averages.
The question arrises, however, if neither tally method is preferred by the algorithm which we
are currently employing, is one of the tally methods preferable to the other?

The answer to this question is complicated and may not have a definitive answer, but there
are a couple of important notes which we should make. First of all, as the spatial mesh width, h,
goes to zero and the number of particle histories, IV, approaches infinity, the two tally methods
will limit to the same solution. Unfortunately for us, we are never able to tally infinitely many

particles, and for a finite number of particle histories, the two tally methods may yield slightly
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different results. So, is one of these tally methods “better” than the other?

One can argue that the cell-average tally method provides better results because it offers
a more “continuous” treatment of the tallies. For example, with the cell-edge tallies, we can
only count the particles which actually cross a cell interface. If a particle is born in cell 7 and
its history is terminated before leaving cell 4, it will make no contribution whatsoever in the
cell-edge tally system. However, in the cell-averaged tally method, every particle has at least
some contribution. Whether a particle travels across several cells or some short distance within
a single cell, every particle will influence the cell-average tally.

On the other hand, these tallies may consume the majority of the computational time in
a Monte Carlo simulation. Therefore, whenever possible we should seek to only return either
a cell-edge or cell-averaged tally, but not both. If there is need for cell-edge and cell-averaged
quantities of either the flux or current , we may be able to get away with computing only a cell-
edge tally and then taking an arithmetic average of two cell-edge values to find an approximate
cell-averaged value. This averaging is far less computationally intensive than executing both
tally methods.

In summary, most times the choice of whether to use the cell-average or cell-edge tally will
be determined by the specific problem being solved and the algorithm used to solve the given
problem. If the algorithm has no preference as to where these quantities are tallied, it may be

preferable to exploit the more “continuous” method of tallying found in the cell-average tally.

5.3 Comparing Source Iteration and Monte Carlo

Recall from Chapter 2 the Source Iteration method for solving the steady-state 1-D monoener-
getic transport equation in slab geometry. We must choose some initial iterate ¢(©) (z) and in

this case, let us choose ¢(°)(z) = 0. Then we iterate as follows:

Ay
ox

. 1 .
pS—+ 2 = = (269 +4) (5.6)

1
¢(z+1) _ /1 77Z)(H-l)d'u (57)

In this case, w(i) represents the angular flux due to particles that have scattered at most 4 times
[2].

It was our intention in Chapter 2 to demonstrate exactly how Source Iteration is employed
using deterministic methods. In this section, we’ll describe a way in which Source Iteration can

be utilized in conjunction with Monte Carlo. With deterministic methods, all we needed was a
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function evaluation that took as input ¢(9 and returned ¢(+1):

¢(i+1) _ GDET(¢(i))

where the action of GG is often referred to as a “transport sweep”. The subscript “DET” refers
to the deterministic nature of the function. It turns out, however, that we can easily define a
function Gjs¢ which performs the same action as Gpgr using the Monte Carlo method.
Essentially, this function must take in the flux due to particles which have scattered at most
7 times and return the flux due to particles which have scattered at most 7 + 1 times. We

accomplish this by allowing Monte Carlo to solve a new problem,

Ay
ox

p—r— + 3 = S0(x) (5.8)

where
50) = 5 (5 [ 6D ada+ata)).

In this new problem, S is treated as a constant, fixed source, so the Monte Carlo method is
asked to solve a scattering-free problem. In essence, every particle dies at the location of its first
collision. This action allows us to compute the new flux due to all particles that have scattered
at most ¢ + 1 times. Therefore, we can define a new function Gs¢c which takes a flux as its
input and allows each of these particles to scatter one more time before ending the particle
history.

We will put this idea to use in Chapter 6, Hybrid Methods for Neutron Transport. In theory,
we can compute a transport sweep by using Monte Carlo for any of the algorithms previously
mentioned. As the number of particle histories approaches infinity and the number of spatial
cells and angles go to infinity, both the deterministic and Monte Carlo transport sweeps should
yield the same results. However, for finitely many particle histories, these results will differ and
the stochastic nature of the Monte Carlo evaluation of the transport sweep may cause drastic

issues.

5.3.1 Monte Carlo Simulation Notation

Throughout the remainder of this thesis there will be times where it will be important to note
how the scattering source is being treated within the Monte Carlo simulation. In general, when

we ask Monte Carlo to simulate scattering, we’ll move the scattering source to the left-hand
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side of the transport equation,

oY

1t 1
s —> | Sapdu=- :
M8x+ ) 2/_1 ¥ du 54 (5.9)

With this notation it should be clear that Monte Carlo seeks to simulate all of the terms on
the left-hand side of the equation.
In contrast, when we use Monte Carlo simulations to execute a transport sweep, we’ll utilize

the standard formulation of the transport equation,

i + X =

For (Es9+9), (5.10)

1
2
which we are used to from the first few chapters. In this case, since the scattering source is
considered an input to the simulation it has been moved to the right-hand side of the equation.
Now, the Monte Carlo algorithm will simulate only leakage and absorption.

We can also combine the previous two ideas and allow the Monte Carlo algorithm to simulate

some fraction of the scattering source. In this case we write

1

0 ! 1—
LIS ‘;‘/ R (5.11)
1

Hor 2

where a € [0,1]. In the case of & = 0, Equation 5.11 reduces to Equation 5.10. In the case
of a = 1, Equation 5.11 reduces to Equation 5.9. In general, Monte Carlo transport sweeps
may be noisier than a full Monte Carlo simulation as there are generally fewer particle flights
contributing to the physical quantities which we tally. If this noise becomes a problem, we may
be able to partially remedy this issue by simulating a fraction of the scattering source without

accruing the cost of a full Monte Carlo simulation.

5.4 Continuous Energy Deposition Tallies

In Section 5.2.2, we discussed two methods of tallying, face, or cell-crossing, tallies and cell, or
track-length, tallies. We will refer to these as standard tallies for the remainder of this thesis.
It turns out that there is a very fundamental reason which these tallies are sub-optimal [10, 32].

Let us begin by taking the zeroth angular moment of Eq. 5.8. This yields the neutron

balance equation,

dJ

— + X0 = S(x). 5.12

S = S() (512)
When we tally the scalar flux and current, ¢ and J, respectively, with conventional track-length

and cell-crossing estimators, we find that Eq. 5.12 is not satisfied. In fact, if we define a residual
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based on this balance equation,

R(z;6,0) = %2 4 216~ S(a) (5.13)

we find that ||R|| > 0 when standard tallies are used to compute ¢ and J [32]. As the number
of particles per simulation increase, |R|| decreases, but for a reasonable number of particles,
R can be substantial. Along with the noise we find in the Monte Carlo transport sweeps, this
lack of balance can produce inaccurate results when trying to compute the consistency term,
15, which measures the discrepancy in the Fick’s law approximation.

Now, we present a second tally which we will refer to as the Continuous Energy Deposition
tally or CED tally [10]. This tally is especially suitable for NDA-based methods since the Monte
Carlo simulation solves a problem with purely absorbing media. The purpose of the CED tally
is to conserve the balance of neutrons which is required by the 0* moment equation.

The CED tally takes place in two distinct phases:

1. A non-analog tally in which each particle is forced to travel a fixed mean-free-path distance

in which we tally using exponentially decreasing weights.

2. A standard tally from the end-point of the non-analog tally using the remaining particle

weight.
Our new Monte Carlo simulation takes place as follows:

1. A priori determine a number of mean-free-paths, A, which each particle will travel in the
non-analog phase of tallying. We choose A directly, but one could also choose A so that the
non-analog phase terminates when a certain minimum weight has been reached. These

are equivalent.

2. Randomly sample the direction cosine, u, and determine an initial location for a particle

as described in Section 5.2.1 .

3. March across the medium until the particle has traveled the a priori determined number

of mean-free-paths, A.

e Compute the distance in terms of mean-free-paths traveled within cell i:

|

e Compute the weight for the track-length tally of the scalar flux:

Aw; (1 — e*A)‘i)
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e Tally the scalar flux using the weight Aw; using the track-length tally described in
Section 5.2.2

e Compute the weight at the cell interface:

w1 = wie” ™Y,

e Tally the current using the weight w;+; using the face-tally described in Section
5.2.2.

e Repeat for the next cell.

4. Begin an analog tally from the new particle location using w = wpe™. We use the same

direction cosine, i, as was used in the non-analog phase of the tally.

The CED tally satisfies the balance equation to the point of machine roundoff. We can see this

in Figure 5.1. Notice the difference in scales on the y-axis.

Balance Equation Residual Balance Equation Residual
for Standard Tallies -13 for CED Tallies

0.5 1 o
0 -0.5
0.5 -1
-1 -15
-15 ‘ ‘ ‘ ‘ -2 ‘ ‘ ‘
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1

Figure 5.1: On the left we see the standard tally does not preserve balance, whereas on the
right, the CED tally does an excellent job preserving balance using the same number of particles
per simulation.
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In Chapter 6, we’ll compare results using standard tallying methods and CED tallies. We’ll
see that for low particle counts, the CED tally provides significantly smoother results, however

as the particle count increases, the differences become smaller.

5.5 2-D Monte Carlo

In multiple dimensions, not much changes when executing a Monte Carlo simulation to de-
termine the scalar flux and currents. The overall structure of the Monte Carlo code does not
change at all. In general, we still must sample for a particle’s starting location and weight, w;,
its initial direction and energy, and the number of mean-free-paths it travels before undergoing
its first interaction [21].

In two spatial dimensions, the particle location now has an x and y-position as well as an
z and y component to the direction. In order to sample the direction of travel, we require two
random numbers, &; and &. Now, the x and y components of the direction of travel, £ and g,

respectively, are given by

S
Il

sin(f) cos(¢)
sin (@) sin(¢)

<
I

where

p=cos(f) = 2§ —1
¢ = 2m&
sin(f) = 1—p?

We compute the distance a particle travels in the same way as we did in 1-D. We compute

a single random number, £3, and the number of mean-free-paths to be traveled is given by

mfp=—In(&3).

Asin 1-D, we can compute fluxes and currents at cell-centers or cell-faces. For our purposes,
we’ll compute cell-averaged values of the scalar flux and cell-face values of the z— and y-currents.
For either formulation, we need to compute the distance a particle will travel in the current cell
before either undergoing a collision or leaving the cell. If the particle leaves the cell, we must
determine which face the particle exited.

To do so, we first compute the x and y distances to the nearest cell interfaces in the direction
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of travel,

Tdist — |xposition - xinterface‘

Ydist — ‘yposition - yinterface’~

We determine that we’ll cross the cell boundary in the x direction first if we have

Tdist Ydist
18 < 18

A A~

€T Y

and we’ll cross the cell boundary in the y direction first otherwise. At this point, we’ll allow

the particle to travel ¢ mean-free paths, where ¢ is given by

€T .
+ — min ( dAzst’ ydfst> . Zt
x Yy

Now, we can tally the quantities of interest. We accumulate the cell-averaged scalar flux
via
w; -ty

A(Zeells Yeell) = O(Teells Yeell) + ————,
o - Iy

where h, and h, are the x— and y—dimensions of the current cell. If the particle crosses the x
cell boundary, we’ll accumulate the current in the z—direction,
w; T
Jx(xbounab ycell) = Jac(xbounda ycell) + Alihv
|Z] - hy
and if the particle crosses the y cell boundary, we’ll accumulate the current in the y—direction,
ws -

Y
Jy(xcella ybound) = Jy(xcell) ybound) + .

At this point, we’ve finished tallying for the flight through (zcei, Yeenr) and we continue to
travel and tally cell by cell until the particle leaves the medium or encounters the location of

its first collision.

5.6 Standard vs. CED Tallies in 2D

In this section we’ll briefly look at the difference between standard and CED tallies. To do
so, we’ll generate particles that are uniformly distributed across a single cell in 2-D. We’ll
isotropically generate directions for each particles to travel and count the number of cells each

particle crosses before it undergoes a collision. Each cell is 1 cm by 1 cm.
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We’ll compare the mean number of cells that each particle contributes to using both standard
and CED tallies. In practice, if each particle does not cross at least a couple of cells, the Monte
Carlo transport sweep is exceptionally noisy. The results from this study are portrayed in Table
5.1.

Table 5.1: Mean Number of Cells Crossed by Each Particle

Method Et =2 Zt =.3
Standard 1.4976 | 4.3590
CED (X =2) | 24897 | 11.0371
CED (A=4) | 3.4821 | 17.7343

Clearly, the CED tallies allow each particle to stream across more cells than when standard
tallies are employed. This is important because the current is only tallied when a particle cross
a cell face. So, while a particle always contributes to the scalar flux, when the cross section
is large, many particles may not contribute at all to the current. For example, in the above
configuration with 3; = 2, 62% of the particle trajectories produced using standard tallies
never left the originating cell. When CED tallies with A = 2, only 10% of particles remain in
the originating cell and this decreases to 3% when A = 4. Therefore, on average, each particle
contributes to more tallies for the scalar flux and current and produces less noisy results when
the CED tallies are used. Even when ¥; = .3, 18% of standard tally particles never leave the
originating cell. Only .2% of CED tallies with A = 2 remain in the originating cell.

This directly leads to more accurate Monte Carlo transport sweeps. We demonstrate this
with the following experiment. Consider computing a transport sweep for the first group of
the LRA-BWR problem in which the right hand side is a constant unit source. In all of the
algorithms we consider, the transport sweep is required in order to compute the D term in
order to build a consistent low-order problem. For this reason, we will compare the errors in D
term for standard and CED tallies for two different particle counts. The results are displayed
in Table 5.2.

This table clearly demonstrates the effectiveness of the CED tallies. The D terms and
boundary conditions are the only quantities that are supplied by Monte Carlo transport sweep
to the low-order problem. For this reason, measuring the error in D is the appropriate metric

for choosing a tallying method.
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Table 5.2: Error in D Computed Using MC Sweeps

D, Error D, Error
Particles | CED | Standard | CED | Standard
10%0 005009 | .184261 | .004974 | .166200
101! .001598 | .063798 | .001461 | .057308
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Chapter 6

Hybrid Methods for Neutron
Transport

In the beginning of Chapter 5 we discussed several reasons why Monte Carlo simulations may
be preferable to deterministic solutions of the neutron transport equation. These stochastic
methods can produce more accurate solutions, but potentially at a much higher cost. For
this reason, we seek methods that will allow us to accelerate the convergence of Monte Carlo
simulations. In Appendix C, we numerically investigate the truncation error in the low-order
equation and the Monte Carlo error in the high-order transport sweep.

In the neutronics community, variance reduction techniques for Monte Carlo simulations
have been studied thoroughly for as long as Monte Carlo algorithms have been used to simulate
reactor physics [21]. Variance reduction refers to methods used to decrease the variance in a
simulation without increasing the number of particles in the simulation. For example, in a
transmission problem in which we wish to see what percentage of particle penetrate a very
large, highly-absorbing medium, we may force particles to scatter and adjust particle weights
accordingly. This allows a higher percentage of the particles in the simulation to contribute to
the tally.

In this chapter, we’ll attempt to build algorithms that allow us to compute solutions to
the transport equation with the accuracy of Monte Carlo simulations, while reducing the total
number of particles in the simulation and employing variance reduction techniques to lower the
noise in the solution. However, we will not build these algorithms from scratch. Instead, we
will utilize the algorithms developed in Chapter 2, Chapter 3 and Chapter 4 along with known
variance reduction techniques to build hybrid algorithms for solving the neutron transport
equation.

In the following sections we’ll repeat the work done in Chapters 2, 3 and 4 using Monte

Carlo transport sweeps. As we did earlier, we’ll start with the 1-D fixed-source problem, as the
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implementation is the most simple. We’ll take what we learned from solving the fixed-source

problem and accelerate the 1-D k-Eigenvalue problem. After this, we’ll repeat this work in 2-D.

6.1 Accelerating a 1-D Fixed Source Monte Carlo Computation

In this section we’ll consider hybrid methods for solving the 1-D fixed-source problem. The
methods we’ll consider are Picard-NDA(MC), AA-NDA(MC), and JENK-NDA(MC)!. In gen-
eral, we find that the noise in Monte Carlo transport sweeps can make using these acceleration

methods difficult than when they were used with deterministic transport sweeps.

6.1.1 Noisy Function Evaluations

As we have previously discussed, Monte Carlo transport sweeps return noisy scalar fluxes and
currents. In general, we measure the amount of noise in a Monte Carlo transport sweep by
allowing the MC sweep to act on a deterministic solution to the transport equation, ¢*, and
compute some measure of the difference ¢* — Gprc(¢*). In Figure 6.1, we see the results of a

Monte Carlo transport sweep using a standard track-length tally and using the CED tally.

Comparing Standard Tallies and CED Tallies

10° Particles Per Function Evaluation
3.5 T ‘ T

- True Scalar Flux
— Standard Tally Scalar Flux
‘== CED Tally Scalar Flux

Figure 6.1: Comparing the scalar flux computed by a Monte Carlo transport sweep.

The (MC) denotes that all transport sweeps involved in the algorithm are performed using a Monte Carlo
simulation
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As we can see in Figure 6.1, the CED tally performs slightly better than the standard track-
length tally, however there is still a considerable amount of error, especially for .25 < x < .75.
These oscillations in the flux may make it very difficult to compute an accurate consistency
term, 15, for NDA. The noise in the Monte Carlo transport sweep is not limited to the scalar

flux, however. In Figure 6.2, we see that the current suffers from a similar difficulty.

Comparing Standard Tallies and CED Tallies

10° Particle Per Function Evaluation
0.4 T T T

‘v True Current
—— Standard Tally Current
‘‘‘‘‘ CED Tally Current 5

0.9 1

Figure 6.2: Comparing the current computed by a Monte Carlo transport sweep.

In Figure 6.2, we can see a much more drastic difference between standard tallies and the
CED tally. In this case the CED tally accumulates much less error than standard cell-crossing
tallies. It turns out that in some instances neither of these tallies are sufficiently accurate for
computing D. In Figure 6.3, we compare consistency terms computed using both the standard
and CED tally.

It is apparent how destructive these noisy D functions can be when we consider the trying
to compute the nonlinear residual defined by the JENK-NDA problem. In Figure 6.4 we see
the result of trying to compute F'(¢*), which should be nearly zero at the solution. Instead, it
appears that we are nowhere close to finding a solution.

Unfortunately, increasing the number of particles per function evaluation does not necessar-

ily solve this problem completely, as we can see in Table 6.1. Due to time constraints, increasing
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Comparing Consistency Terms — D

Standard v. CED Tallies
0.15 T T T

— Deterministic (True) — D
— Standard Tally — D
01 ——CED Tally - D

0.051

—-0.05-

=0.15-

02 ! ! ! ! ! ! ! ! !
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

X—position

Figure 6.3: Comparing the consistency term computed by a Monte Carlo transport sweep.

the number of particles enough to resolve the flux and current to the desired level of accuracy
is generally not feasible. In the next section, we’ll consider two methods for filtering the noisy

scalar flux and current.

Filtering

When using hybrid methods, we will make an attempt to remove some of the error from the
results of a stochastic transport sweep before performing further computations and we’ll refer

to these error-removal processes as filtering. In general, the idea is to remove the low-amplitude,

Table 6.1: Comparing the Norm of the NDA Nonlinear Residual for Different Particle Counts
and Tally Methods

Histories | Standard Tally | CED Tally
10° 7.9358 7.2072
109 2.1414 1.8945
107 8708 .8408
108 4598 4613
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Nonlinear Residual — F(¢")

Computed Using Standard and CED Tallies
8 T T T

— Standard Tally — Nonlinear Residual|
—— CED Tally — Nonlinear Residual

= i

_8 ! ! ! ! ! ! ! ! !
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

X—position

Figure 6.4: Comparing the JENK-NDA nonlinear residual in which a Monte Carlo transport
sweep is used.

high-frequency noise from the quantity of interest without changing any of the spatial structure
that truly exists. This can be a difficult task in general, but in neutronics we often can determine
where our solution may have special spatial structure based upon the material properties. We’ll
consider two similar filtering techniques in the remainder of this section.

For our first filtering method, which we will refer to as the least squares spline filter or LSS

filter, let us divide our domain into a total of R + 1 regions:

{[0,.%'1}, [:L'l,.%'Q], veey [.I'R_l,a,’R], [xR,X]}

Within each of these regions, let us construct a polynomial of low degree that interpolates
the function as closely as possible. We’ll denote these degrees di, da, ... , dr, drs+1 and
we’ll also demand that at each of the region boundaries x; that the spline is continuous and
has k; continuous derivatives. By construction, we must choose 0 < k; < min(d;,d;+1). We
can perform a least squares fit of this low-degree polynomial spline to create a continuous,
differentiable approximation to either the flux or current.

In Figure 6.5, we see a sample flux returned from a Monte Carlo function evaluation. We can
smooth this function by using a least squares interpolation with regions separated by locations

r1=.1, 29 = .3, 3 = .7 and x4 = .9. Over each of the regions we use degree 3 polynomials and
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demand that the function and its first derivative are continuous. We can see what a remarkable

improvement this is over the noisy flux.

Scalar Flux — ¢

Unfiltered and Filtered with LSS Filter
1.8 T T T T T T

— Unfiltered
- LSS Filtered

0.6 b

0.4 .

! ! ! ! !
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
X — position

02 I I I I
0

Figure 6.5: Noisy scalar flux before interpolation and after a least squares spline fit.

It is important to note that we must use low-degree polynomials for this interpolation.
In fact, we would much prefer to use more regions each with equipped with a low-degree
polynomial than a few regions with higher degree polynomials. When we begin to use high-
degree polynomials, the polynomials tend to adapt to the shape of the noise and this is precisely
what we are trying to avoid. By using all low-degree polynomials, our spline is forced to capture
the overall shape of the curve and ignore the high-frequency noise.

In Figure 6.6, we consider the derivative of the two functions in Figure 6.5. We can see
here how important this interpolation truly is. In some regions (for example = € [.4,.6]), the
true derivative is approximately 0, however the derivative of the noisy flux from Monte Carlo
is nearly equal to 2. Errors this large would make it nearly impossible to solve F'(¢) = 0 using
Newton’s method (or any other nonlinear solution algorithm).

The second filtering method, which we will refer to as the multiple-splining filter or MS
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Derivative of Scalar flux — dp/dx
Derivative of Unfiltered Flux and LSS Filtered Flux

— Differentiated Unfiltered Flux
- - -Differentiated LSS Filtered Flux
6 — Differentiated True Flux
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Figure 6.6: Comparing the finite difference derivative of the scalar flux before and after LSS
filtering.

filter. For this filter, let us isolate a single point, (zg, ¢x), from our unfiltered scalar flux. Now,
we take some set of points around this point, & = [Tg_pm Th—mt1 -+ Tk -+ Thrm—1 wk+m]T
and 5 = [Bh—m Phmsl -+ Ok -+ Ohtm—1 Okem]’. Through this set of 2m + 1 points we’ll
compute a least squares fit of a polynomial py(z). Finally, we update qﬁ,]cv EW — pr(zg). We
repeat this for each of the points in our domain.

This has an advantage over the LSS filter; if we know a location for which there exist some
rapid change is spatial structure, we can turn off the filter at that point or use points on only
one side of the point for the filter. In Figure 6.7 we can see the effects of the MS filter. In
Figure 6.8 we find the MS filter allows us to compute a more accurate derivative. The MS filter
also has the advantage that it can be executed in parallel for each point in the domain.

Thinking forward to 2-D problems, it should be clear that the LSS filter would be very
expensive and difficult to implement. With the LSS filter, we need to build a least squares
problem which is the same size as the number of spatial cells. Furthermore, the constraints on
region boundaries will be tricky to implement. On the other hand, the MS filter has no difficult
constraints to include in the least squares problem. Furthermore, the size of the least squares
optimization is far smaller. We have to solve one of these smaller least squares problems at each
spatial point, but these can be trivially evaluated in parallel. All things considered, whenever
a filter is called for in 2-D, we’ll utilize only the MS filter.
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Scalar Flux — ¢
Unfiltered and Filtered with MS Filter
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081 -

0.6 -

0.4H «

02 L L L L L L L L L
] 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

X—position

Figure 6.7: Noisy scalar flux before interpolation and after a multi-spline filter application.

6.1.2 Picard-NDA(MC)

In this section we explore Picard-NDA using Monte Carlo high-order function evaluations. We
will see that convergence of this method is highly dependent on the number of particles per
function evaluations. In Figure 6.9 we see the results of Picard-NDA(MC).

We see that without filtering and 10° particle per function evaluation, the residual stagnates

around 2 x 1072 or 3 x 1072, where the residual is computed by
R= o) - .
o0

When using 10° particles per function evaluation we find that the nonlinear residual drops
another order of magnitude before stagnation. At this point, the amount of error in the Monte
Carlo transport sweep is on the same order of magnitude as the nonlinear residual. It is hopeless
to try to converge the solution to a level below that of the error found in the transport sweep.

We can also compute the error for the scalar flux found using NDA(MC). We plot this error
in Figures 6.10. This also shows that there is a strong connection between the error and the
residual computed.

At this point, we can attempt to increase the number of particles per function evaluation,

but this becomes impractical. On a compute cluster at Los Alamos National Laboratory we can
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Derivative of Scalar Flux — d¢/dx
Derivative of Unfiltered Flux and MS Filtered Flux
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— Differentiated Unfiltered Flux

- - - Differentiated MS Filtered Flux
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Figure 6.8: Comparing the finite difference derivative of the scalar flux before and after MS
filtering.

simulate roughly 6.2 x 108 particles per second per core in MATLAB in serial. Using 8 cores,
this amounts to 4.96 x 107 particles per second in parallel. Therefore, in order to execute a
transport sweep using 10 particles it requires 20 seconds. Increasing the number of particles per
transport sweep by a factor of 10 requires a factor of 10 increase in time. While 100 particles
per function evaluations (roughly 3 minutes) or 10! particles per function evaluation (roughly
33 minutes) may be practical, using many more particles than this becomes a burden. Instead
of increasing particle counts further, we turn to other methods in an attempt to decrease the

noise in the stochastic transport sweep.

6.1.3 AA-NDA(MC)

In this section we’ll explore the idea of applying Anderson Acceleration to NDA in which the
transport sweeps are computed using Monte Carlo simulation. The basic idea here is that
applying Anderson Acceleration will act as a sort of variance reduction in the sense that we
take a linear combination of previous iterates in forming the new iterate. This has the potential
to damp the noise found in function evaluations. Furthermore, we showed in Chapter 2 that
Anderson Accelerated NDA performs much better than Picard NDA in some situations (see
Table 2.2).
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NDA(MC)
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Figure 6.9: Comparing the convergence of NDA(MC) using varying numbers of particle per
function evaluation.

As we can see in Figure 6.11, adding Anderson Acceleration does not allow us to lower the
residual much below those computed for NDA(MC). In these figures, AA(1)-NDA corresponds
to Picard-NDA, which is equivalent to Anderson-Acceleration when only the previous iterate is
stored.

In Figure 6.11, we consider simulations in which we begin with relatively few particles and
increase the number of particles by a factor of 10 every time the iteration stagnates. This
allows us to use fewer particles at early stages in the iteration when less accuracy is needed.
Unfortunately, including more vectors in the Anderson Acceleration history does not have a
significant impact on the convergence rate. In the rest of this thesis, we abandon Anderson

Acceleration for Newton-based methods.

6.1.4 JFNK-NDA(MC)

In this section we discuss an implementation of JFENK-NDA using Monte Carlo transport
sweeps. With the previous algorithms, it was possible to see some convergence without fil-
tering of any sort. However, with JENK-NDA (MC), we are not so lucky. There are a couple of

fundamental reasons why Monte Carlo transport sweeps pose a large problem for JENK-NDA:

1. Differentiating Noisy Functions: In several places throughout the evaluation of F' we
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Picard-NDA
Error in Scalar Flux
0.015 T T T

— 10° Max
— 10" Max
0.01F 10° Max

0.005

-0.005

Error

-0.01

-0.015

-0.02

-0.025

Figure 6.10: Comparing the error in scalar fluxes computed using differing particle counts in
NDA(MC)

are required to differentiate a noisy function. The first instance where this comes into play
is in the computation of D. Within D, we compute Z—i using a finite difference derivative.
Later, when it comes time to actually evaluate F', we must compute the derivative of
D. This essentially means that we need to compute a second derivative of ¢ and a first
derivative of J. Using finite differences to evaluate the derivative of a noisy function can

extremely dangerous.

. Evaluating the Jacobian-Vector Product: Within Newton’s method, we must solve
the linear equation F’(¢)v = —F(¢) to compute the update v where F’(¢) is our Jacobian.
In many applications, including this one, direct computation of the Jacobian is far too
expensive to be a reasonable option. Instead, we can compute the action of the Jacobian
matrix on a vector. That is, instead of determining the matrix F’(¢), we define a function
that returns F’(¢)v. This is often done using a forward difference derivative [15]:
F’(gf))v% F(¢+6U)_F(¢) (6.1)

€

For the reason mentioned above, using a finite difference derivative to approximate the

Jacobian-vector product will not be a practical choice. Not only will we suffer the errors
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Figure 6.11: Comparing the residuals computed using AA-NDA (MC)

in the Jacobian-vector product evaluation, but we may have deeper issues when trying to

use Krylov methods to solve the linear system.

Handling the noisy function evaluations is not necessarily easy, but it is straightforward. We
have one of two options. First, we can increase the number of particles per function evaluation
until the flux and current returned by the MC transport sweep have a level of error that allow
us to compute D to our desired level of accuracy. As we’ve mentioned previously, this may be
far too expensive. The second option is filtering, as was discussed in Section 6.1.1.

The second issue, noisy Jacobian-Vector products, has a very elegant solution. Instead of
using the finite difference formula defined by Equation 6.1, we develop an analytic formula for

the Jacobian-vector product or “jacvec” as we displayed in [32].

Analytic Jacobian-Vector Product

Within the Newton-Krylov iteration, we must solve Eq. 6.2 for the Newton step, v,

where F'(¢) is the Jacobian.
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Since F' is Fréchet differentiable, we can utilize the following formula to compute the analytic

Jacobian-vector product:

F'(¢)v = iF(gf) + hv)

= (6.3)

h=0

In order to facilitate this calculation, we rewrite F'(¢) using operator notation,

F(¢) = Lo+ N,
where L is the linear map,
d [—1dé
Lo Ir [?;thx} + (Xt — Xg),
and N is the nonlinear map,
_ d N+ HO THO
N = - [D(e1°,17%)9] ~ q.

Now, we can write the Jacobian-vector product in terms of its linear and nonlinear compo-

nents
F'(¢)v =L (¢)v + N'(¢)v. (6.4)
It is clear that £'(¢)v is given by the simple expression
L' (p)v = Lv. (6.5)

The expression for N'(¢)v is somewhat more complicated. Using the Formula 6.3 and properties

of differentiation (product rule), it is easy to show that

d

N'(¢)o = = | D'(6)vo + D(o)] (6.6)

where we have expressed ﬁ(d)H O JHOY as b(gf)) to make the dependence of D on ¢ explicit.
Now, we can complete the formula by finding an expression for D’ (¢)v. We accomplish this

using the same technique we used to derive the expression for the nonlinear term. We find that

¢HO J/HO(¢)U+ %EtdWHdZ((ﬁ)U} _ |:JHO(¢) + ﬁdfb};z((ﬁ) ¢’HO(¢)U
(¢110(9))?

D'(¢p)v =

(6.7)
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where

1

§HO (G = / (o, w)dp (6.8)
1
1

710y = [ pemn (6.9)
Here, &(x, 1) is the solution to the external-source-free transport equation where the scalar flux

is taken to be v(z),

Mf%(az, 1)

1
or + X (z, 1) = izsv(w)'

By combining Equations 6.4-6.9 we have an analytic formula for the Jacobian-vector product.

It should be clear that much like the finite-difference approximation to the Jacobian-vector
product, we can compute the analytic Jacobian-vector product with only a single additional
transport sweep. This means that, at no added cost to us, we have a formula for a more accurate
representation of the Jacobian-vector product.

In practice, we find that when the transport sweep is computed deterministically and the
mesh is relatively fine, the analytic and finite-difference Jacobian-vector product agree to several
decimal places. However, when the Monte Carlo transport sweep is used, these two quantities

can differ by orders of magnitude when the number of particles per function evaluation is small.

Algorithmic Adjustments

In general, we’d like to solve the transport equation using as few particles as possible. For this
reason, we start using a minimal number of particles per function evaluation. At some point,
the the error in the function evaluations becomes large enough that convergence stalls and we
encounter an Armijo line-search failure. We consider two options for managing the increase of

particles as the iteration progresses.

Option 1
Our original method of increasing the number of particles per function evaluation demanded
that we start with some relatively small number of particles per transport sweep, Nasc. Then,

each time we encounter an Armijo failure, we
e increase Ny¢o by a factor of 100 and
e restart the Newton-GMRES iteration from the previous iterate.

We must establish some notation before we formally describe the algorithm. We approxi-

mate F'(u) with a Monte Carlo simulation to obtain F'(u, Njs¢) and the Jacobian-vector product
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F'(u)w with a Monte Carlo simulation with output J(u, w, Nys¢) where Nysc denotes the num-
ber of particles per MC transport sweep. The evaluations of F' we need for the Newton step
and testing termination tolerances for the nonlinear iteration, or within the line search in the
Newton-GMRES code must be replaced with calls to the Monte Carlo simulation.

Newton-GMRES-MC;

Evaluate Ryjc = F(u, Nyo); 7 < 7| Ryel| + 7a-
while ||Ryc|l > 7 do
Use GMRES with a limit of I,,,4, iterations to find d such that ||J(u,d, Nae) + Ryl <
Nl Rucl|
if the GMRES iteration fails then
Nyre < 100 *« Ny
Evaluate Ry;c = F(u, Nyo)
else
A=1
Evaluate Rypyiq = F(u+ A\d, Ny¢o)
while || Rrrial|| > (1 — ad)[[Rucl| and A = Apin do
A A/2
Evaluate Ry 0 = F(u + Ad, NMC)
end while
if A > A\ then
U u+ Ad
Ryie = Rrvial
else
NMC < 100 * NMC’
Evaluate Ryrc = F(u, Ny¢)
end if
end if
end while

This is a simple modification of the Newton-GMRES algorithm and seems to work well [32].
However, when employing this method, we often waste a lot of particle histories evaluating
the function in the line search or when the Newton iteration begins to stall. Furthermore, it
is difficult to prove any convergence rate results when using this strategy for increasing the

number of particles. For these reasons, we consider a second, more efficient option.

Option 2
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In [30], we demonstrate that we can obtain r-linear convergence by increasing the number of
particles per transport sweep at each iteration. It is important to note, that as long as we choose
a suitable initial number of particles per Jacobian evaluation, this value never needs to increase
throughout the iteration. Only the number of particles per function evaluation increases from

iteration to iteration. This particle management scheme is described in Algorithm 6.1.4.

Newton-GMRES-MCs(u, Nyo, Ny, 1, 7y Ta)

Evaluate Ryc = F(u, Nye); 7 < 7| Ry || + Ta-

while ||Ryc|| > 7 do
Compute J(u, Ni;)
Find s which satisfies ||.J(u, NJ\J/[C)S + F(u,NMc)H < 77||F(u, Nyo)|l-
U~ U+ S
Evaluate Ryrc = F(u, Nyeo);
Ny < NineNye

end while

This algorithm allows us to “track” r-linear convergence in which r = /Ny, [30]. Compared
to Option 1, this is a much more efficient use of particle histories. In Section 6.1.4, we’ll see

the outcome of using each of these particle increase methods.

Results

We present results here for JENK-NDA (MC). We'll consider two test problems that demonstrate
the convergence properties. In both test problems, both the flux and current are filtered using
a least squares interpolant filter in both the function and Jacobian evaluation. Furthermore,
during the function evaluation, D is filtered using the same least squares interpolant filter.

In each of the following simulations, we precondition the linear solver using the same pre-
conditioner as described in [18]. We choose to use the inverse of the operator, M, defined
by

0 1 0
M_ax[

——— — +DF| (2, — %,
3%, 0 ]Ht )

where DF was computed during the most recent evaluation of F.

In order to test this algorithm and compare the two particle management strategies, we’ll

use the following parameters:
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Parameter | Value

hI 10
s 9.9
T 1
q .5

Spatial Cells 50

Option 1

In Figure 6.12, we see that using 10% particles per function evaluations (using the standard
tally) does not provide enough accuracy to converge to the desired tolerance. However, using
106 particles per function evaluation does allow us to get a rough shape for the scalar flux. We
use this estimate of the flux as the starting point for a new run of JENK-NDA(MC) using 10®
particles per function evaluation. This provides yet a better estimate for a third pass of the

algorithm.

Scalar Flux after 1, 2, and 3 Runs

35 T T T T T T T

LemTTTT . - —IAfter }IQun 1
AT BN -~ After Run 2
o et ‘~ ---After Run 3|

Figure 6.12: Fluxes after 1, 2 and 3 runs of JFNK-NDA(MC) with increasing particle counts
using standard tallies.
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In Figure 6.13, we see that using 10° particles per function evaluations provides an order
of magnitude decrease in the nonlinear residual from the initial iterate for both standard and
CED tallies. Increasing the number of particles by a factor of 100 allows for another order of
magnitude decrease. The final run, using 10'° particles per function evaluation drops the norm
of the nonlinear residual below 5 x 1073,

Comparing the standard and CED tallies, we see that the CED tallies are more effective
at lower particle counts. By the end of Run 2, the CED tallies had decreased the nonlinear
residual by an extra factor of two over the standard tallies and had done so using few function
evaluations. At the level of 100 particles per function evaluation, the two tallying methods

become indistinguishable.

Nonlinear Residual v. Function Evaluations
Comparing Standard and CED Tallies

=8~ ST - Run 1: 10°
@' ST—Run 2: 10°
=©=ST - Run 3: 10"
=—#—CED - Run I: 10°
%" CED - Run 2: 10°
=% =CED - Run 3: 10"

Nonlinear Residual
®
I}

107 I I I I I

0 20 40 . 60 . 80 100 120
Function Evaluations

Figure 6.13: Nonlinear residuals after 1, 2 and 3 runs of JENK-NDA(MC) with increasing
particle counts using both Standard and CED Tallies.

Option 2
With Option 2, there are several parameters which we can change. We fix N 1{40 = 10° for
the entire simulation. We vary the quantities K, (max number of Krylovs per Newton step),

(inexact Newton forcing term), and Kr (number of times that GMRES is initiated per Newton
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step). When Kr = 1, GMRES with at most K7, iterations is used to compute the Newton step.
When Kr = 2, GMRES computes an approximation to the Newton step, and then GMRES is
called a second time using the approximation to the Newton step as the initial iterate. This
is similar to GMRES with restarts, however GMRES is called a second time regardless of the
linear residual at the end of the first call to GMRES. This helps to alleviate issues caused
by noisy Jacobian evaluations in the early stages of the GMRES iteration [30]. We allow the
forcing term to take on values n = .1, .01, and .001. K, can take on values 5 and 10.

We display the numerical results when using the second method of managing particles and
vary the quantities K, Kr and 7 in Figures 6.14 through Figures 6.25. In each of the following
figures we employ the same structure. On the y-axis we plot the nonlinear residual, on the
x-axis we plot the total number of accumulated particle histories (realizations), and we plot the
results of ten simulations along with a dashed line demonstrating a rate of residual decrease
that tracks ——

VNuc®
In Figures 6.14 and 6.15 we see the effect that a second pass of GMRES can have on

the overall iteration. In Figure 6.14 the nonlinear residual history is a considerably smoother
function of the number of total realizations. We see a similar trend in Figures 6.16 and 6.17.

In each of these figures we hold n constant at .001.

Residual Histories for eta = 0.001, Max Krylovs = 5, GMRES x 2 Residual Histories for eta = 0.001, Max Krylovs = 5, GMRES x 1

Nonlinear Residual

10° 10" 10° 10
Total Accumulated Histories Total Accumulated Histories

Figure 6.14: K; =5, n=.001, K =2 Figure 6.15: K =5,n=.001, Kp =1

A similar trend persists for 7 = .01. By the end of the iteration, we see that the nonlinear
residual is generally slightly lower when GMRES is restarted (Kr = 2). We can see this by
comparing Figures 6.18 and 6.19 and Figures 6.20 and 6.21.

Finally, let us consider n = .1. When Kj = 10, we see very little difference between
restarting or not. However, when Ky = 5, the difference is noticeable. In this case restarting

is better in the sense that the simulations are both more consistent over the ten trials and
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Residual Histories for eta = 0.001, Max Krylovs = 10, GMRES x 2 Residual Histories for eta = 0.001, Max Krylovs = 10, GMRES x 1
T T T T T T T T

|
10

Nonlinear Residual
Nonlinear Residual

. . o .
10° 10 10° 10 10" 10" 10° 10 10° 10"
Total Accumulated Histories Total Accumulated Histories

Figure 6.16: K; =10, n =.001, Kr =2 Figure 6.17: Ky, =10, n=.001, Kr =1

Residual Histories for eta = 0.010, Max Krylovs = 5, GMRES x 2 Residual Histories for eta = 0.010, Max Krylovs = 5, GMRES x 1
T T T T T T T T

Nonlinear Residual
Nonlinear Residual

. o
10° 10"

10° 10 10° 10’
Total Accumulated Histories Total Accumulated Histories

Figure 6.18: Ky, =5,n= .01, Kr =2 Figure 6.19: Ky =5, 7= .01, Kr=1

the residuals decrease more rapidly. This should be no surprise from the previous test results.
These results are demonstrated in Figures 6.22 — 6.25.

In Figures 6.14 - 6.25 we see that, in general, restarting GMRES leads to more predictable
residual histories. When GMRES is restarted to compute the Newton step, the residual histories
for all the simulations are very similar. When GMRES is not restarted, this is not always the
case. For example, the residual histories in Figure 6.23 have a large variance.

All of the figures in this section demonstrate that we can track r-linear convergence by
properly increasing the number of particles per function evaluation. In order to reach a nonlinear
residual of 2 x 1072, this particle management strategy with an appropriate choice of the
parameters K7, Kpr, and 1 requires roughly 2 x 10'0 histories. Compare this to the first

strategy for increasing the number of particles. With CED tallies, it still requires at least
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Residual Histories for eta = 0.010, Max Krylovs = 10, GMRES x 2 Residual Histories for eta = 0.010, Max Krylovs = 10, GMRES x 1
T T T T T T T T

Nonlinear Residual

. o
10° 10"

10° 10 10° 10’
Total Accumulated Histories Total Accumulated Histories

Figure 6.20: Ky, =10, n= .01, K =2 Figure 6.21: K;, =10, n= .01, K =1

Residual Histories for eta = 0.100, Max Krylovs = 5, GMRES x 1
T T T T

Residual Histories for eta = 0.100, Max Krylovs = 5, GMRES x 2
T T T T

Nonlinear Residual

. o
10° 10"

10° 10 10° 10’
Total Accumulated Histories Total Accumulated Histories

Figure 6.22: K; =5,n=.1, K =2 Figure 6.23: K =5, n=.1, Krp=1

three times as many particles to decrease the residual to this point. Using standard tallies, it
required roughly 15 times as many particles to low the residual to 2 x 1072, Clearly, increasing
the number of particles per function evaluation is a far superior strategy than waiting for the
iteration to stall. For this reason, we will adopt Option 2 for the remainder of this thesis for

both fixed-source problems and k-eigenvalue problems.

6.2 Accelerating a 1-D k-Eigenvalue Monte Carlo Computation

In Chapter 4 we explored methods for solving the neutron transport k-eigenvalue problem. We
found that we could accelerate standard power iterations using NDA-NCA, in which much of

the computational work was moved to the low-order diffusion problem. Much like we did in
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Residual Histories for eta = 0.100, Max Krylovs = 10, GMRES x 2 Residual Histories for eta = 0.100, Max Krylovs = 10, GMRES x 1
T T T T T T T T

Nonlinear Residual
Nonlinear Residual

. . 8|
10° 10 10° 10 10° 10" 10° 10"
Total Accumulated Histories Total Accumulated Histories

Figure 6.24: K; =10, n=.1, Kr =2 Figure 6.25: K =10, n=.1, Kr=1

Section 6.1, we’d now like to consider hybrid methods for solving the k-eigenvalue problem
using Monte Carlo transport sweeps [33].

It should be clear from the computational results in Chapter 4 and Section 6.1 that stan-
dard power iteration using Monte Carlo transport sweeps would be infeasible. The increased
computational effort of using Monte Carlo transport sweeps demands that we reduce the total
number of transport sweeps which we need to compute. NDA-NCA provides an excellent way
to do this. Not only does it reduce the number of transport sweeps considerably, it moves much
of the work to low-order diffusion solves which are both inexpensive and deterministic. This
means that the only source of stochastic error comes from the transport sweep calculated in
the outer iteration. Contrast this to JFNK-NDA(MC) in which both the residual evaluations
and the Krylov solve contributed to the noise when trying to solve the fixed-source problem.

Furthermore, it should be clear at this point that NDA-NCA should be used in place of
NDA-PI. While NDA-PI is a drastic improvement over unaccelerated power iteration, it cannot
compete with NDA-NCA in terms of computational effort required to update the eigenvalue
and eigenvector within each outer iteration. When the Newton step in NDA-NCA is computed
using the Sherman-Morrison formula to invert the Jacobian [31], the cost of updating the
eigenvalue/eigenvector pair is only two sparse matrix inversions (low-order diffusion solves).
We ask the reader to recall the results from Table 4.2 at the end of Chapter 4.

In Section 6.1.4 we demonstrated that using a Newton-Krylov method to solve F(¢) = 0
when F' is evaluated stochastically can be quite difficult. We should be careful to note that this
is not the case with NDA-NCA. While there is an element of stochasticity in the computation
of D, this value is not computed within the evaluation of F. Within JENK-NDA(MC) each
evaluation of F' at a vector ¢ yielded a slightly different result based around the expected
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value of F'(¢). In NDA-NCA, F(¢) is computed exactly (in the absence of discretization error,
machine roundoff, etc.) each time. Therefore, we need not take quite as much care when solving
the F(¢) = 0. The only source of noise in this algorithm is introduced in the transport sweep

at the beginning of each outer iteration.

6.2.1 Results

We will consider two 1-D, 1-Group test problems to demonstrate the effectiveness of this al-
gorithm. Both Test 1 and Test 2 below consist of a single fissile region surrounded by two 5
mean-free-path reflectors [20]. The length of the medium is given by 7, and the length of the
fissile region is given by 7 — 10.
Test 1
Consider the parameters for the first test:
Yp=1 3¥,=.856 vXy=.144 7 =35 (fissile region)

Ys

=1 =.856 v¥;=0 7 =235 (reflector region)

For this problem, we found the true eigenvalue to be k.yy = 9720469427, computed using a high
accuracy S, computation. We’ll run the simulation 10 times in order to gauge performance.
For each simulation we’ll discretize using 7000 spatial cells. We begin using 10® particles per
function evaluation and increase the number of particles per function evaluation by a factor of
2 each iteration. After 15 outer iterations, we have used a total of roughly 3.28 x 100 particle

flights. After 10 independent simulations we collect the following results for ke :
e Mean = .9720469297
e Standard deviation = .0000028874
e Max eigenvalue = .9720577602 (.001866% error)

e Min eigenvalue = .9720420155 (.001850% error)

Test 2

Consider the parameters for the second test:

Yp=1 X¥,=.856 vXy=.144 7 =060 (fissile region)
s

=1 =.856 vXy=0 7 =060 (reflector region)
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For this problem, the true eigenvalue is k.ry = .9919893631. We'll run the simulation 10 times
in order to gauge performance. For each simulation we’ll discretize using 12000 spatial cells.
We begin using 10° particles per function evaluation and increase the number of particles per
function evaluation by a factor of 2 each iteration. After 15 outer iterations, we have used a
total of roughly 3.28 x 10'° particle flights. After 10 independent simulations we collect the

following results for k. :

o Mean = .9919892935
e Standard deviation = .0000011455
e Max eigenvalue = .9919907012 (.000142% error)

e Min eigenvalue = .9919875238 (.000178% error)

A comparison against an analog Monte Carlo computation is given in Appendix D.

6.2.2 Conclusions

We have demonstrated that using Monte Carlo transport sweeps within the NDA-NCA algo-
rithm is feasible. All of these results have been obtained without filtering of any sort. We
believe that filtering will not be necessary for the k-eigenvalue problem. The computation of
k involves an integral over the domain which acts as a filter by using errors in one part of the
domain to cancel out errors in other parts of the domain.

This gives us confidence that the NDA-NCA(MC) algorithm works and can be tested in
2-D. It is expected that more particles per transport sweep will be required in 2-D, so we will

briefly discuss our parallel implementation of the MC transport sweep in C++ in Section 6.3.

6.3 2-D Monte Carlo Transport Sweep

Up until this point, all of the Monte Carlo computations have taken place in MATLAB. While
MATLAB has been sufficient for 1-D, we understand that moving up in dimension will require
significantly more particles per transport sweep. For this reason, we have written a 2-D Monte
Carlo transport sweep in C++ which has been parallelized using both MPI and OpenMP. The
low-order solver still takes place in MATLAB. The communication between MATLAB and C++
takes place via file input/output. This allows us to continue to use the code base that has been
developed for the deterministic 2-D computations, without significant headache.

At each call to the C++ transport sweep, the work is spread out between the total number of
nodes available, Np, using MPI. This means that if the sweep calls for Njs¢ particle histories,

each node will be responsible for computing Ny;c/Np particle histories. Each node reads in
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Table 6.2: Weak Scaling Efficiency for Standard and CED Tallies 10° Particles Histories Per
Node

Standard Tally CED Tally
Nodes | Time | Efficiency | Time | Efficiency
1 19.34 — 85.17 —

2 19.42 99.7% 85.22 99.9%
4 19.63 98.6% 85.50 99.6%
8 20.05 | 96.50% | 85.67 99.4%
12 20.18 95.9% 85.72 99.4%
20 20.53 | 94.25% | 86.08 98.9%

the source term, the total cross-sections for the entire domain, and a few domain parameters.
Right now, the domain is replicated on each node. If the domain were to become so large that
storing the entire domain on a single node became troublesome, domain decomposition could
be used without much trouble. In this case, each node would be responsible for simulating
histories in a small fraction of the domain.

Once the work has been spread out to each node via MPI, we use OpenMP on each node
to spread out the work over each core. Again, each core receives the total cross-sections for the
entire domain. If No cores are available per node, then the amount of work per core amounts to
Nure/(Nr x N¢) particle histories. After each core has finished executing its batch of particles,
we average the scalar flux and current in parallel using OpenMP within each node. The final
scalar flux and current are computed via an MPI_Reduce on the master node. At this point,
the scalar flux and current are written to a text file to be interpreted by MATLAB.

We have performed a scaling study on the Monte Carlo transport sweep on a computing
cluster at Los Alamos National Laboratory. This compute cluster is comprised of nodes which
each contain four AMD Opteron 6168 processors running 12 CPU cores at 1.90 GHz. We use
20 nodes (N7 = 20) and each node has 48 cores (N¢c = 48). We measure the time it takes to
compute a single group 1 transport sweep for this study. The results of this study can be seen
in Figure 6.26 and Table 6.2.

As expected, we have very efficient both strong and weak scaling. As the amount of work
per node increases, these scaling numbers become even more impressive. This highly parallel
Monte Carlo Transport Sweep will allow us to solve the fixed-source and k-eigenvalue problems

in 2-D in a reasonable amount of time.
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2-D Monte Carlo Transport Sweep
Strong Scaling Study

0. + Standard Tallies Observed
Sel O CED Tallies Observed I
~. —— Standard Tallies Perfect Scaling]

O. - == =CED Tallies Perfect Scaling

Time (seconds)

Number of Cores

Figure 6.26: Both Standard and CED tallies achieve very efficient strong scaling across 40
nodes. 10! particles per transport sweep were used.

6.4 Accelerating a 2-D Fixed Source Monte Carlo Computation

In 2-D, we will only consider using JENK-NDA (MC) to solve the fixed-source problem. We’ll
use what we learned in Section 6.1 to guide our development of the 2-D code. We know that the
first key to effectively solving the transport equation with JFNK-NDA(MC) is the use of the
analytic Jacobian-vector product. We will derive this formula in detail in the following section.
The second key to effectively solving the transport equation with JENK-NDA (MC) is the proper
management of particles. We will use only Option 2 from Section 6.1 in which the number
of particles per transport sweep are held constant for Jacobian-vector product evaluations and
increased each iteration for the residual function evaluation. The combination of these ideas
should lead to a smooth transition from deterministic 2-D JFNK-NDA to a functioning hybrid
implementation.
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6.4.1 2-D Analytic Jacobian-Vector Product

Just as in 1-D, we’ll derive the analytic Jacobian-vector product for the NDA equations. In
this case, we’ll derive the equations in full generality, ignoring dimension, and allowing for a
multi-group formulation.

We'll remind the reader of the multi-group formulation of the fixed-source neutron transport

problem

in which g ranges from 1 to G. It will be important to recall the definition of the scalar flux

and current, as well,

1hydQ
47

I = /4 O €1,

g

We use Newton’s method to solve the following nonlinear system of equations,

1 . /
Fg(tb) =V- —B—Ethﬁg + ng)g] + (Etvg — Egﬁg) g — Z 39 Hg({)g/ — Qg
9'#g

in which ﬁg is a function of ® and ® = [¢1 ¢o ... ¢a]”.

Within Newton’s method, we must solve the following linear system of equations for the

Newton step, s,

in which F’ denotes the Jacobian of the function F. Traditionally, F'(®)v is computed using a
finite-difference derivative,
F(® 4+ ev) — F(P)

F (P~
(@) =1

for some small choice of e. For settings in which the function evaluation F(®) may be low
accuracy (e.g. evaluated using Monte Carlo transport sweeps), the finite-difference derivative
is generally very inaccurate. We seek to derive an analytic formula for the Jacobian-vector

product.
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To do so, let us first re-write the function, F', in terms of its linear and nonlinear components
Fg(®) = Ly + Ny(®) — Qy,
in which
1 /
L = V- [—?,Etwg] +(Srg = NI g — > N6y,
9'#g
Ny(®) = V:-Dy(P)p,.
Now, we can write the Jacobian of F' in terms of its linear and nonlinear components,

F'(®)v = Lo+ N (P)v.

The only remaining task is to compute the action of N’(®) on a vector, v.

We'll use the following formula for the Jacobian vector product,

, _d
N (@)v = &N(Cb + ev)

e=0

This yields

N(®) = [V-f)(@+ev)(@+ev)}

Sl

e=0
d
de
We can evaluate D’ (®)v in a similar manner. It is important to note that D is a function

of ® through the high order flux and current. JHO and ®HO are functions of ® through the

transport sweep. Now, we have,

D(D + ev) (D + ev)}

e=0

|
< <«

[
D’(@)v) o+ ﬁ(@)v} .

Do — d [JHO(D + ev) + 35 VOHO(D + ev)
YT e PHO(D + ev) e=0
4 [JHO(<I> +ev) + 5 91O0(@ + ev)} _ 2fo(@)

(I)HO((I))Q
LO10@ +ev)| [JHO@) + 55 VOHO(0)
q)HO((I))2
[JHO((I))/U + %&V@HO(@)IU] (I>HO @HO(‘I)),UD((I))
(@HO)Q B ®HO
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We will represent the i angular moment of 7€ as M*HO  This way, we can deal with

JHO($)y and 7O (®)'v simultaneously. Now, we can write

. d .
MMIO@)v = — [MMO( + ev)]
4 QUHO (P + ev)d

de A

= / QU HO () vdS.
4

e=0

e=0

Lastly, we know that WH© is related to ® via the transport equation, which we will write

as
ATHO = S+ Q,
SO
oo — A7lS® 4+ A7Q.

Now, we have

O (%) = % [A7IS(® + ev) + A7'Q]

= A 'Sw.

e=0

That is, W79 (®)v can be computed by executing a single transport sweep in which v is used
for the scattering source and the fixed source is taken to be zero.

We evaluate F'(®)v using the following steps:

1. Input ®7O, JHO and D, which have already been computed.
2. Input Krylov vector, v.
3. Execute a single transport sweep to recover ¥ = ‘IIHO(<I))’U = A" 1Sw.

4. Compute ® = ®10(®)v, J = JHO(®)v using

b — /\TldQ
47

J = / QUdO
4
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5. Evaluate D = D/(®)v

B IR Y
((I)HO)2  pHO

]l

6. Evaluate N'(®)v
N(@w = V- [Dq>+f)v]
7. Evaluate F'(®)v

F'(®)v = Lo+ N'(®)v.

With this analytic Jacobian-vector product in hand, we are ready to implement JFNK-
NDA(MC) in 2-D. The next section describes results for a simple 2-D multi-material test prob-

lem.

6.4.2 2-D JFNK-NDA(MC) Results

We'll test JENK-NDA(MC) on a 3 material 2-D, 2-group test problem. The material layout is
portrayed in Figure 6.27. The corresponding cross-section data is displayed in Table 6.3. The

properties of the domain are described in Table 6.4.

Table 6.3: Fixed-Source Problem Material Properties

Material | 31 Y2 =l wi=2 | y2=2
1 0.2656 | 1.5798 | 0.2021 | 0.0253 | 1.4795
2 0.2623 | 1.7525 | 0.2280 | 0.0277 | 1.6821
3 0.2652 | 2.0938 | 0.2170 | 0.0475 | 2.0747

Table 6.4: Domain Properties for Fixed-Source Problem

Tr | Ty | Ne | Ny | x1 Boundaries
50 | 50 | 50 | 50 | 1 | Reflective Corner
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Material Layout for 2—D Fixed—Source Problem

Figure 6.27: Material layout for 2-D Fixed-Source Problem.

In Figure 6.28 we plot the scalar flux for groups 1 and 2. In Figure 6.29 we plot the nonlinear
residual as a function of iteration, which corresponds directly to the number of particles per
function evaluation. As we can see, we are able to track r-linear convergence. For these
simulations we use GMRES twice per iteration to compute the Newton step. We use n = .01
and K7, = 10 (number of Krylovs per GMRES solve). We see that our observations from 1-D

hold again in 2-D and have allowed for a straightforward implementation.

6.5 Accelerating a 2-D k-Eigenvalue Computation

In 2-D, we’ll utilize NDA-NCA (D) to compute the k-eigenvalue, just as in Section 6.2. However,
before moving on, let us address the issue of convergence in hybrid k-eigenvalue computations.

With deterministic methods, we can define convergence in several obvious ways. For ex-
ample, we can terminate when the relative difference between two successive values of the
eigenvalue is less than some tolerance. We could also check the normed relative difference of
the eigenvector. Furthermore, we could place convergence criteria on the norm of the low-order

residual, F', in the NDA-NCA algorithm. Any of these checks can be justified as convergence
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Figure 6.28: Hybrid solution to the 2-D Fixed-Source Problem.
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Nonlinear Residual vs. Number of Particles Per Function Evaluation
. 2-D Fixed—Source Problem
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Figure 6.29: JFNK-NDA(MC) Convergence History for 2-D Fixed-Source Problem

criteria.

With purely stochastic methods, one can test the variance in the eigenvalue computation.
Once the variance is below some specified value, we can consider the eigenvalue converged.
With stochastic methods, due to the random nature of the computation, it can be dangerous
to consider the iteration converged when two successive values of the eigenvalue are very close.
Furthermore, due to the stochastic noise, it may be very expensive to iterate until the scalar
flux is no longer changing.

With hybrid methods, the question as to what to use as a convergence criterion becomes
somewhat clouded. The variance is a more difficult quantity to compute as we are no longer
averaging “active cycles.” Furthermore, there is a randomness associated with the eigenvalue
and even the low-order residual, so placing a test on these quantities alone may be ill-advised.

We will turn to a test of convergence that is becoming increasingly popular in the neutronics
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community, a check of the Shannon Entropy [35, 25, 3].

6.5.1 Shannon Entropy

The Shannon Entropy is, in essence, a measure of the randomness in the fission source and is

given by

Ns
H(Sf) = _Zps logz(ps)7 (610)
s=1

in which H is the Shannon Entropy, Sy is the fission source, Ny is the number of fission sites
which are labeled from 1 to Ng, and ps is the percentage of the total fission reaction that occurs
at fission site s [35, 3]. In order to compute these values, we look at the number of spatial cells
(independent of group) in which the fission source exists. In each spatial cell we compute the
fission source and compute the total global fission source. With these quantities in hand, we
can compute the Shannon Entropy.

It is expected that this value converges and is a good measure of the convergence of the
eigenvalue and eigenvector, as these values are intimately tied to the fission source. In Figures
6.30 and 6.31, we can see that for a deterministic calculation, the Shannon Entropy converges
for both the TMR and the LRA-BWR problems, respectively.

It is also interesting to plot the change in the Shannon Entropy from one iteration to the
next on the same axes as the error in the k-eigenvalue. Again, using the results of a deterministic
calculation, these quantities can be seen for the two problems in Figures 6.32 and 6.33.

The fact that the change in Shannon Entropy for these problems is a good representation
for the error in the eigenvalue is a convincing argument that it should be used as a convergence
metric. In these 2-D computations k-eigenvalue computations, we will keep a history of the
Shannon Entropy, the eigenvalue, the normed difference of successive iterates of the eigenvector
and the norm of the low-order residual, F'. In this way, we hope to show that the convergence

of each of these values can be captured by considering the Shannon Entropy.

6.5.2 Numerical Results

In this section we will consider the TMR, problem, the LRA-BWR problem and Zion reactor
problem. For each of the problems, we will start with 10° particles per group transport sweep.
At each iteration we will increase the number of particles by a factor of 2 until the eigenvalue

013

has converged or we reach a total of 1 particles. Starting at the fifth iteration, we will

begin to average the scalar flux and current with previous iterates which will be used in the

148



Shannon Entropy by Iteration
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Figure 6.30: The Shannon Entropy converges for the TMR, problem.

computation of D. We will use the weighted average

it — Lloo 4 2ga+) (6.11)
3 3
Fr) %ﬂi)+§j(i+1) (6.12)

in which ® and J are the high-order quantities computed directly from the transport sweep
at the most current iteration. We argue that this weighting scheme is justified because twice
as many particles were used in the most recent transport sweep than the previous sweep. The
correction term is not averaged directly, however it is computed using the averaged scalar fluxes
and currents. By weighted averaging we utilize the history of the iteration instead of throwing
it out completely, while putting the most emphasis on the most current, accurate simulations.

For each of these simulations, we will monitor four convergence metrics. These convergence

metrics include:

e Change in Shannon Entropy: This quantity measures how much the Shannon entropy

changes from one iteration to the next.

e Change in k-eigenvalue: This quantity measure how much the eigenvalue is changing
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Shannon Entropy by Iteration
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Figure 6.31: The Shannon Entropy converges for the LRA-BWR problem.

from iteration.

e Change in eigenvector: This quantity measures the relative normed difference of the

eigenvalue between successive iterates.

e Norm of nonlinear residual: This quantity measure the nonlinear residual of the

low-order problem at each iteration.

LRA-BWR

We have run two independent NDA-NCA (MC) simulations and compiled results. After 14 outer
iterations and maximum of 8.192 x10'? particles per function evaluation and using a 165 x

165 mesh, we have locked onto the first five digits of the eigenvalue

keji = 1.000219056020964
kejfa = 1.000218814100412
kerrs = 1.000218975804200
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Error in Eigenvalue Compared to Change in Shannon Entropy by Iteration
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Figure 6.32: The change in Shannon Entropy from iteration to iteration goes to zero at the
same rate as the error in the eigenvalue for the TMR problem.

in all three simulations. In Figure 6.34, we plot the eigenvector computed using the hybrid
method alongside the difference between the eigenvector computed using hybrid methods and
deterministic methods. By any of the four convergence metrics, we can see that the eigenvalue
and eigenvector are converging.

In Figures 6.35 and 6.36, we look at a combination of the four convergence metrics for each

simulation.

Three-Material Reactor

We have run three independent NDA-NCA(MC) simulations and compiled results. After 14
outer iterations and maximum of 8.192 x10'? particles per function evaluation and using a 125

x 130 mesh, we have locked onto the first seven digits of the eigenvalue

kepfn = 1.143718236029695
kepfo = 1.143718227718820
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Error in Eigenvalue Compared to Change in Shannon Entropy by Iteration
LRA-BWR Problem
165 x 165 Mesh, S16 Quadrature
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Figure 6.33: The change in Shannon Entropy from iteration to iteration goes to zero at the
same rate as the error in the eigenvalue for the LRA-BWR, problem.

in both simulations. In Figure 6.37, we plot the eigenvector computed using the hybrid method
alongside the difference between the eigenvector computed using hybrid methods and determin-
istic methods.

In Figures 6.44 and 6.39, we look at a combination of the four convergence metrics for
each simulation. It appears that the nonlinear residual is stalling, however the eigenvector still
appears to be converging and both the eigenvalue and the Shannon entropy are converging.
Furthermore, both the eigenvalue and eigenvector compare well with deterministic solutions.

We can gain some insight into the situation by considering the spatial dependence of the
nonlinear residual. In Figures 6.40 and 6.41, we plot the nonlinear residual for group one and
group two. This figure demonstrates that the nonlinear residual is strongest near material
interfaces and where the steepest gradients occur. By considering Figures 6.37, 6.40 and 6.41
simultaneously, we can see the interaction between material interfaces, the scalar flux, and the
nonlinear residual.

We theorize that the stall in the nonlinear residual is due to the truncation error of the
low-order problem. To test this, we’ll solve the problem on a series of meshes and consider the
nonlinear residual on each of these meshes. Instead of plotting the co—norm of the nonlinear
residual, we’ll compare the scaled 1—norm, h?|| - ||;. These results are displayed in Figure 6.42.

This figure demonstrates that with these meshes, by the end of the iteration the Monte Carlo
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Figure 6.34: On the left, we plot the group one and group two eigenvector, respectively. On
the right, we see the difference between the eigenvector computed using hybrid methods and
deterministic methods.

error is lower than the truncation error of the low-order problem and the nonlinear residual

stalls at the level of the truncation error.
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Figure 6.35: We plot the four convergence metrics for the first simulation for the LRA-BWR
problem.
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Figure 6.36: We plot the four convergence metrics for the second simulation for the LRA-BWR
problem.
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Figure 6.37: On the left, we plot the group one and group two eigenvector, respectively. On
the right, we see the difference between the eigenvector computed using hybrid methods and
deterministic methods.

Zion Reactor

We have run two independent NDA-NCA (MC) simulations and compiled results. After 12 outer
iterations and maximum of 2.048 x10'? particles per function evaluation and using a 136 x

136, we have locked onto the first six digits of the eigenvalue

kepra = 1.274762569404242
kepra = 1.274762670387974

155



Hybrid Methods Convergence Metrics

107 T T T T T
Change in Entropy
~ISE,  -SE
i+] i
__Change in Eigenvalue
107°F iy — K
Relative Change in Eigenvector
li,, .~ Vi, T
Nonlinear Residual
10°F —IIE|
107F
107
10°F
107k
107

Figure 6.38: We plot the four convergence metrics for the first simulation for the TMR problem.
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Figure 6.39: We plot the four convergence metrics for the second simulation for the TMR
problem.
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in both simulations. In Figure 6.43, we plot the eigenvector computed using the hybrid method
alongside the difference between the eigenvector computed using hybrid methods and determin-
istic methods.

In Figure 6.44, we look at a combination of the four convergence metrics for each simulation.
Just like the TMR problem, it appears that the nonlinear residual is stalling, however the
eigenvector still appears to be converging and both the eigenvalue and the Shannon entropy are
converging. Furthermore, both the eigenvalue and eigenvector compare well with deterministic
solutions.

Like we did for the TMR reactor problem, we’ll consider the spatial dependence of the
nonlinear residual. In Figure 6.45, we plot the nonlinear residual for group one and group two.
This figure demonstrates that the nonlinear residual is strongest near material interfaces and
where the steepest gradients occur. By considering Figures 6.43, 6.45 and 6.46 we can see that

the behavior is similar to the behavior for the TMR problem.

6.6 Conclusions

Throughout this chapter, we have demonstrated that it is possible to build hybrid methods by
introducing a Monte Carlo transport sweep in place of a deterministic transport sweep in any
of the moment-based algorithms which we have considered throughout this thesis. By astutely
managing the increase of particles, we can “track” r-linear convergence with JENK-NDA (MC).

In many ways, computing the eigenvalue is easier than the fixed-source problem. This is
because in our computations, the error (or relative residual) in the eigenvector is usually 2 - 3
orders of magnitude larger than the error (or relative residual) in the eigenvalue. Therefore, in
order to get 5 digits correct in the eigenvalue, we may only need to compute the eigenvector
accurately to 2 or 3 digits.

Of course, the true goal with these algorithms is to be able to accurately compute the
dominant eigenvalue for realistic reactor problems. We have demonstrated that these algorithms
work on two large, 2-D, 2-group eigenvalue problems. NDA-NCA is an ideal algorithm for hybrid
computations of the k-eigenvalue as much of the work is moved away from high-order transport
sweeps to low-order eigenvalue solves. These low-order solves take place in the absence of Monte
Carlo noise and therefore can achieve results without the headaches we encounter when trying
to implement JENK-NDA(MC).

Furthermore, by using an efficient parallel implementation of the Monte Carlo transport
sweep, these algorithms become very practical and can yield more accurate solutions than de-
terministic methods. By ridding the high-order solution of the angular and spatial discretiza-
tions, we can compute more physically accurate neutron fluxes which lead to more accurate

eigenvalues. Figures 6.34 and 6.37 demonstrate that the hybrid methods can achieve higher
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accuracy in regions where the scalar flux is rapidly changing, such as near material interfaces,

or areas where the scalar flux (and fission source) is strongest.
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Figure 6.40: We plot the nonlinear residual as a function of space for a 75 x 78 mesh.
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Figure 6.41: We plot the nonlinear residual as a function of space for a 175 x 182 mesh.
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Figure 6.42: We plot the scaled one-norm of the nonlinear residual by iteration for a series of
three meshes.
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Figure 6.43: On the left, we plot the group one and group two eigenvector, respectively. On
the right, we see the difference between the eigenvector computed using hybrid methods and
deterministic methods.
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Figure 6.45: We plot the nonlinear residual as a function of space for a 136 x 136 mesh.
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Figure 6.46: We plot the nonlinear residual as a function of space for a 204 x 204 mesh.
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Chapter 7

Conclusion

Throughout this thesis we have considered numerical methods for solving the neutron trans-
port fixed-source problem, as well as the neutron transport k-eigenvalue problem. We built
these algorithms by first considering the most simple case - one-dimensional, one energy group,
homogenous medium problems using deterministic methods. In this setting we considered the
fixed-source problem first and looked at the most straightforward method, source iteration.
From source iteration we showed how we could use angular moments of the transport equation
to increase the convergence rate [18]. At this point we took our findings in one space dimension
and applied these methods to the two-dimensional fixed-source problem. It was straightforward
to demonstrate the effectiveness of these algorithms in higher dimension.

After concluding our work on deterministic methods for the fixed-source problem, we turned
our attention to solving the k-eigenvalue problem. Again we began by implementing a sim-
ple power iteration and showing how ineffective this algorithm can be, even for simple one-
dimensional problems. We then accelerated the convergence of the eigenvalue problem by
turning to moment-based acceleration. This allowed us to move the majority of the compu-
tational work to a low-order problem that exists only in a reduced phase-space. As in [23],
we used Newton’s method to solve the low-order problem, however we showed that we could
significantly decrease the cost of the low-order eigenvalue solving by exploiting the nature of
the Jacobian matrix. We demonstrated that these algorithms work very well on both a series
of simple one-dimensional, one group test problems, as well as some much more sophisticated
two-dimensional test problems.

After completing a study of deterministic methods for solving the fixed-source and k-
eigenvalue problem, we segued into the heart of the thesis by considering stochastic methods
for neutron transport. These methods utilize Monte Carlo algorithms to simulate each physical
process which takes place between the neutrons and underlying medium. This chapter allowed

us to develop terminology and machinery to be used in our discussion of hybrid methods. At
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the end of our discussion of stochastic methods we demonstrated the increased effectiveness of
the continuous energy deposition [10] tallies which were critical for the effective implementation
of hybrid methods.

In the following chapter, we discussed hybrid methods for neutron transport. These methods
combine the accelerators we developed for deterministic methods and Monte Carlo simulation.
We used Monte Carlo to approximate the transport sweep process and used the outcome of
these stochastic transport sweeps to compute closure relationships for low-order problems which
allowed us to accelerate convergence.

We began our discussion of hybrid methods with a long, in-depth study which demonstrated
the care which must be taken when implementing a hybrid method, even for a simple one-
dimensional, one group, homogeneous medium test problem [32]. In this section, we learned
about the importance of analytic Jacobian-vector products which allow us to bypass noise-
ridden finite-difference computations. We also completed a detailed study which analyzed
the behavior of Newton’s method when the function and Jacobian-vector product evaluations
contained stochastic noise. By managing the number of particle histories per function evaluation
astutely, we demonstrated that we could achieve r-linear convergence [30].

These one-dimensional fixed-source findings led to a straight-forward implementation of the
NDA-NCA(MC) hybrid algorithm for computing the k-eigenvalue. Using similar particle man-
agement techniques, we found that we were able to efficiently compute the dominant eigenvalue
using these hybrid methods.

At this point, we moved on to two-dimensional hybrid test problems. Before directly jump-
ing into implementing these algorithms in two-dimensions, we spent some time developing a
highly-parallel Monte Carlo transport sweep implemented in C++ using OpenMP and MPI. We
demonstrated the strong scaling efficiency of this algorithm for realistic domain and material
properties [34].

Lastly, we implemented JENK-NDA(MC) and NDA-NCA(MC) for two-dimensional, two
group, multi-material test problems. Using our one-dimensional findings, these implementations
were straight-forward, as well. For JENK-NDA(MC), we found that we could track r-linear
convergence using the ideas we outlined in [30]. NDA-NCA(MC) proved to be a success, as well.
Using the same spatial mesh, the deterministic method provided a results demonstrating that
the LRA-BWR reactor [1, 28] was subcritical, however the hybrid method correctly showed that
the reactor was, in fact, supercritical. Thus, on a given mesh, the hybrid method provides more
physically accurate approximations to the eigenvalue. For the two other two-dimensional k-
eigenvalue test problems, we were able to see the interaction between the low-order truncation
error and the Monte Carlo error. This interaction manifested itself in the stagnation of the
nonlinear residual for the low-order problem. We showed that by refining the spatial mesh

we could reduce the low-order truncation error and drive the nonlinear residual to a tighter
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tolerance.

By starting with simple deterministic problems and gaining a very detailed understanding of
the algorithms, we were able to successfully build hybrid methods for solving very challenging
two-dimensional eigenvalue problems. Furthermore, we were able to demonstrate that these
hybrid methods could produce more physically accurate solutions which was the ultimate goal

of this research.

7.1 Future Work

Throughout the development of this thesis we have come across a few research directions that,
while outside the scope of this dissertation, would be very interesting to spend time rigorously

investigating. These research directions include
1. Implementing these algorithms in three-spatial dimensions.
2. Implementing these ideas for a time-dependent fixed-source problem.
3. Coupling these hybrid methods with other physics models through the low-order problem.

4. Considering algorithm adjustments which would allow for the continuous treatment of

energy in the high-order problem.

We’ll briefly comment on each directions.

7.1.1 Implementation in Three-Spatial Dimensions

The idea here is very straight-forward. Using the knowledge gained through the development
of these hybrid algorithms in one and two-space dimensions, implement JENK-NDA (MC) and
NDA-NCA(MC) in three-spatial dimensions. These algorithms will needed to be coded entirely
in an environment outside of MATLAB as the two-dimensional implementations in which the
low-order problem is solved in MATLAB has pushed this environment to its limits. Following
a similar programming model, an efficient, scalable parallel three-dimensional transport sweep
could be developed. The solution to the low-order problem (fixed-source or eigenvalue) requires
Newton’s method. Implementations of Newton’s method in C++ already exist and could be

leveraged for an efficient three-dimensional implementation.

7.1.2 Implementation of NDA(MC) for a Time-Dependent Fixed-Source
Problem and Multi-Physics Coupling

We'll discuss these two ideas together as they are intimately related. In reality, material

cross-sections can be temperature dependent and therefore dependent on the scalar flux as
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it changes throughout time [21, 8]. An investigation into how these hybrid methods work for
time-dependent problems could produce interesting results. Furthermore, an implementation
in which the neutronics are coupled to other physics models would likely take place through
the low-order system. This offers further incentive to use a moment-based acceleration scheme.
These other physics models could likely interact only in the reduced phase space, without

interacting with the seven-dimensional angular flux.

7.1.3 Continuous Energy in the High-Order Problem

One of the most significant challenges in using the multi-group formulation of the neutron trans-
port equation is the development of multi-group cross-sections that preserve total, scattering,
and fission reaction rates. By treating energy continuously in the high-order problem, there
is the potential to develop more accurate material cross-sections during the iterative solution
process. This would require saving energy distribution functions for the high-order problem in
order to accurately model the neutron scattering process (this does not come into play with
the fission process since the fission spectrum is known). This may lead to memory concerns if
we are required to store these energy distribution functions everywhere in space, however the
potential advantages of using a continuous treatment of energy in the high-order problem make

this a worthwhile research direction.

169



1]

REFERENCES

Argonne code center: Benchmark problem book, 1977. Prepared by the Computational
Benchmark Problems Committee of the Mathematics and Computational Division of the
Americal Nuclear Society, Supplement 2.

Marvin L. Adams and Edward W. Larsen. Fast iterative methods for discrete-ordinates
particle transport calculations. Progress in Nuclear Energy, 40(1):3-159, 2002.

F.B. Brown. On the use of Shannon entropy of the fission distribution for assessing con-
vergence of Monte Carlo criticality calculations. In PHYSOR, Vancouver, BC, Canada,
2006. ANS Topical Meeting on Reactor Physics Organized and Hosted by the Canadian
Nuclear Society.

Matthew T. Calef, Erin D. Fichtl, James S. Warsa, Markus Berndt, and Neil N. Carl-
son. Nonlinear Krylov acceleration applied to a discrete ordinates formulation of the
k-eigenvalue problem. Journal of Computational Physics, 238(0):188 — 209, 2013.

L.L. Carter and E.D. Cashwell. Particle-transport simulation with the Monte Carlo
method: Prepared for the division of military application, U.S. Energy Research and
Development Administration. Technical report, Technical Information Center, Office of
Public Affairs, U.S. Energy Research and Development Administration, 1975.

S. Chandrasekhar. Radiative Transfer. Dover Publications, Inc, New York, 1960.

James J. Duderstadt and Louis J. Hamilton. Nuclear Reactor Analysis. John Wiley &
Sons, Inc., New York, 1976.

James J. Duderstadt and William R. Martin. Transport Theory. John Wiley & Sons, Inc.,
New York, 1979.

H. Fang and Y. Saad. Two classes of multisecant methods for nonlinear acceleration.
Numerical Linear Algebra Applications, 16:197-221, 2009.

J. Fleck and J. Cummings. Implicit Monte Carlo scheme for calculating time and frequency
dependent non-linear radiation transport. Journal of Computational Physics, 8:313-342,
1971.

Daniel F. Gill and Yousry Y. Azmy. Newton’s method for solving k-eigenvalue problems
in neutron diffusion theory. Nuclear Science and Engineering, 167:141-153, 2011.

Daniel F. Gill, Yousry Y. Azmy, J.S. Warsa, and J.D. Densmore. Newton’s method for the
computation of k-eigenvalue problems in Sy transport applications. Nuclear Science and
Engineering, 168:37-58, 2011.

Mark A. Goffin, Christopher M.J. Baker, Andrew G. Buchan, Christopher C. Pain,
Matthew D. Eaton, and Paul N. Smith. Minimising the error in eigenvalue calculations
involving the Boltzmann transport equation using goal-based adaptivity on unstructured
meshes. Journal of Computational Physics, To appear in 2013.

170



[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

22]

[23]

[24]

[25]

[26]

[27]

[28]

V.Ya. Gol’din. A Quasi-Diffusion method of solving the kinetic equation. USSR Compu-
tational Mathematics and Mathematical Physics, 4(6):136-149, 1964.

C.T. Kelley. Iterative Methods for Linear and Nonlinear Equations. Society for Industrial
and Applied Mathematics, Philadelphia, 1995.

C.T. Kelley. Multilevel source iteration accelerators for the linear transport equation in
slab geometry. Transport Theory and Statistical Physics, 24(4):679-707, 1995.

D. A. Knoll, H. Park, and C.K. Newman. Acceleration of k-eigenvalue/criticality calcula-
tions using the Jacobian-free Newton-Krylov method. Nuclear Science and Engineering,
167(2):133-140, February 2011.

D. A. Knoll, Kord Smith, and H. Park. Application of the Jacobian-free Newton-Krylov
method to nonlinear acceleration of transport source iteration in slab geometry. Nuclear
Science and Engineering, 167(2):122-132, February 2011.

K. Lanthrop. Spatial differencing of the transport equation: Positivity vs. accuracy. Journal
of Computational Physics, 4:475, 1969.

E.W. Larsen and J. Yang. A Functional Monte Carlo Method for k-Eigenvalue Problems.
Nuclear Science and Engineering, 159(2):107-126, February 2008.

E.E. Lewis and W.F. Miller. Computational Methods of Neutron Transport. American
Nuclear Society, Inc., La Grange Park, 1993.

S. Nakamura. Computational Methods in Engineering and Science with Applications to
Fluid Dynamics and Nuclear Systems. Robert E. Krieger Publishing Company, Malabar,
1986.

H. Park, D. A. Knoll, and C.K. Newman. Nonlinear acceleration of transport criticality
problems. Nuclear Science and Engineering, 172(1):52-65, September 2012.

F. A. Potra and H. Engler. A characterization of the behavior of the Anderson acceleration
on linear problems. To appear in Linear Algebra and its Applications.

Paul K. Romano and Benoit Forget. The OpenMC Monte Carlo particle transport code.
Annals of Nuclear Energy, 51:274-281, 2013.

Y. Saad. Numerical Methods for Large Eigenvalue Problems. Halstead Press, New York,
1992.

Y. Saad and M. Schultz. GMRES a generalized minimal residual algorithm for solving
nonsymmetric linear systems. Journal on Scientific and Statistical Computing, 7:856—-869,
1986.

Kord. S. Smith. An analytic nodal method for solving the two-group, multidimensional
static and transient neutron diffusion equations, 1979. Masters Thesis, Massachusetts
Institute of Technology.

171



[29]

[30]

[31]

32]

[33]

[34]

[35]

H. Walker and P. Ni. Anderson acceleration for fixed-point iterations. SIAM Journal on
Numerical Analysis, 49(4):1715-1735, 2011.

Jeffrey A. Willert, Xiaojun Chen, and C.T. Kelley. Newton’s method for Monte Carlo-
based residuals. Submmitted for Publication, 2013.

Jeffrey A. Willert and C.T. Kelley. Efficient solutions to the NDA-NCA low-order eigen-
value problem. In M&C 2013 Proceedings, pages 1934-1941, Sun Valley, ID, May 5 - 9,
2013 2013. American Nuclear Society.

Jeffrey A. Willert, C.T. Kelley, D. A. Knoll, and H. Park. Hybrid methods for neutron
transport. Submitted for Publication, 2012.

Jeffrey A. Willert, C.T. Kelley, D. A. Knoll, and H. Park. A hybrid approach to the neutron
transport k-eigenvalue problem using NDA-based algorithms. In M&C 2013 Proceedings,
pages 2725-2735, Sun Valley, ID, May 5 - 9, 2013 2013. American Nuclear Society.

Jeffrey A. Willert, C.T. Kelley, D. A. Knoll, and H. Park. Scalable hybrid determinis-
tic/Monte Carlo neutronics simulations in two space dimensions. Submitted for Publication,
2013.

Sunghwan Yun and Nam Zin Cho. Acceleration of source convergence in Monte Carlo
k-eigenvalue problems via anchoring with a p-CMFD deterministic method. Annals of
Nuclear Energy, 37:1649-1658, 2010.

172



APPENDICES

173



Appendix A

Linear and Nonlinear Iterative

Solvers

This appendix is devoted to describing the various linear and nonlinear solvers that were used
in this thesis. The goal here is to provide both a description of how these methods work and are
implemented and to provide some theory describing convergence. We assume that the reader

is familiar with basic linear algebra, calculus and matrix theory.

A.1 Linear Iterative Methods

The goal of linear iterative methods are to solve problems of the form
Az = b,

where A is an n X n matrix and z and b are n x 1 vectors. For the purposes of this thesis, it is
only necessary to consider A € R"*", x € R™ and b € R™.

In the remainder of this appendix, uppercase letters will denote matrices and lower case
letters will denote vectors. If we need to refer to a specific element of a vector, we will subscript
using the row number. For example, x; refers to the 4t component of the vector . When
referring to elements of a matrix, we will subscript using the row number followed by the column
number, as is standard. That is, a; j (or a;;) refers to the element in the i** row and j** column
of the matrix A.

For many of the applications in this thesis we will find that we never build actual represen-
tations of the matrix A. Instead, we will write functions that take in a vector, x, and return
a matrix-vector product, Az. For this reason (among others), we avoid using direct methods

and concentrate our focus on linear iterative methods. When executing a transport sweep, as
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in Chapter 2, computing the entries in A is not feasible. Instead, we can easily compute Azx.
In general, we assume that A is not symmetric and that we do not have an easy method for
computing the transpose of A, AT

A.1.1 Matrix Preliminaries

For many of our algorithms, we must be able to compute a residual, r, and error, e. We compute

these using the following formulas,

r = b— Az and (A1)
e = z—2a", (A.2)

where 2* = A71b, the exact solution. It is easy to see that
r=b—Ax=AA"b—2) = A(z* — 1) = —Ae. (A.3)

In the following analyses we’ll often take advantage of matrix norms [15]:

Definition 5 (Matrix Norm). Let || - || denote a vector norm on R"™.We define the induced

matriz norm of a square n X n matriz A defined by

[ Az|

|All = max (A.4)
veRm |z
or, equivalently
1Al = mmax [ Az]]. (A.5)

Furthermore, we’ll need to discuss condition numbers when analyzing convergence properties

of Krylov methods.

Definition 6 (Condtion Number). The condition number of a matriz A, k(A), with the norm

| - || is given by
R(A) = A AT (A.6)

Finally, we must utilize the notion of eigenvalues in the analysis of iterative methods in the

following sections.

Definition 7 (Eigenvalue, Eigenvector, Spectrum, Spectral Radius). We say that \ is an
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eigenvalue of the matrixz A if there exists a nonzero vector x such that
Az = Az (A.7)

We say that x is the eigenvector corresponding to the eigenvalue \. Together, we’ll refer to the

pair (A, x) as an eigenpair.

The set of eigenvalues of matriz A, denoted o(A), is known as the spectrum of the matriz

A. Furthermore, the spectral radius of the matriz A, p(A) is given by

A) = A A8
p(A) AIEH;&)H (A.8)

Our understanding of induced matrix norms and the previous definition lead to the following

lemma [15].

Lemma 1. For any choice of induced matrix norm, we have
p(A) < [|A] (A.9)
Proof. Consider an eigenpair (A, z). Then,

Az = Mz
| Az Al

Rearranging terms and utilizing the definition of matrix norms yields

Al ]l < [[A[lf]]
Al < (1A

for all \. ]

A.1.2 Stationary Iterative Methods

The most simple type of linear iterative methods is called a stationary iterative method, where

we define an iteration matrix that takes us from one iterate to the next. If we decompose A as
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A = B — C where B is nonsingular, this can be realized as:

(B-C)x = b (A.10)
Bx = Cx+b (A.11)
r = B 'Cx+B ' (A.12)
r = Mzx+d (A.13)
where M = B~1C.
Now, we can iterate as follows

where (we hope) z,, — * as n — oo where Az* = b. For this iterative scheme, we have the

following theorem describing convergence [15].

Theorem 4. If |M|| < 1, then (I — M) is nonsingular and the iteration A.14 converges to
(I - M)~\d.

Proof. Suppose ||[M]| < 1. We will show that
e .
M o= (I-M)"h
i=0

To do so, let us consider the following partial sum

k
Sy = Z M’
=0

It is easy to see that these partial sums {Sj};2, form a Cauchy sequence in R™*". For all

7 > k, consider

15 =5i0 = | >

i=k+1

j
< DI

i=k+1

J
> My

i=k+1

| fagfmt
) (
T ]

IN
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where the last equality is a consequence of the sum of a finite geometric series. Since ||[M]| < 1,
|Sk — S|l = 0 as k — oo.

Therefore, Sy, — S for some S € R"*". Furthermore, we have

S=MS+1
by definition of S. Thus,
S—MS =1 (A.15)
SI-M) =1 (A.16)
S = (I-M)™! (A.17)

as desired.

Now, for any x(, we can compute x, using simple substitution,

n
Tpel = Mn+11‘0 + Z Mid.
=0

Therefore, x, — Sd as n — co. Since S = (I — M)~!, we have z,, — (I — M)~'d. O

We'd like to terminate these methods when the error, e = z — z*, is small, but we cannot
compute the error without knowing the true solution. Instead, we must terminate when the
residual, » = b — Ax is small. For this reason, it is important to be able to relate the error and

the linear residual. To do so, we employ the following theorem [15].

Theorem 5. Let xg € R™ be the initial iterate. Assume A is nonsingular and let z* = A™1b.
Then for all x € R™, we have

[l

el
< k(A
il

lleoll

Theorem 5 ensures that if the condition number of A is not too large, small residuals indicate
small errors.
While there are several more intricate stationary iterative methods, we can improve conver-

gence by considering a class of linear iterative methods called Krylov methods.

A.1.3 Krylov Methods

Krylov methods are a class of non-stationary iterative methods. Krylov methods minimize

some measure of the error (norm of the error, norm of the residual, etc.) over the shifted k"
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Krylov subspace,
xo + Ky,
in which zg is the initial iterate and K, is the k" Krylov subspace,
Ky = span(rg, Arg, .. ., Ak_lro)

for k > 1, where 1o = b — Axg [15, 27].

We’ll assume for the remainder of this section that A is a nonsingular n X n matrix and let
x* denote the solution to the linear system Az = b. Furthermore, we’ll let {ry}x>¢ denote the
sequence of residuals built from the sequence of iterates {zy}r>0, where r, = b — Axy.

While there are several Krylov methods suitable for solving linear problems (see [15]),
our focus will remain primarily on GMRES, or the Generalized Minimal RESidual algorithm.
GMRES allows us to solve non-symmetric problems, unlike Conjugate Gradient iteration, and
has a very strong, well-understood theory. Furthermore, GMRES does not require us to build
and store a representation of the matrix, nor does it require the computation of AT [15, 27].
For these reasons, GMRES is well suited for our current application.

At the k" iteration of GMRES, we solve the least squares problem

i b— Axl|s. A.18
min_ b= Axl], (A.18)
That is, at the k** iteration, we minimize the 2-norm of the residual over the shifted &t Krylov
subspace.
The following analysis of GMRES will follow the method put forth in [15]. For each z €

xo + K we can represent x as o plus a linear combination of basis elements of the k' Krylov

subspace,
k—1

T =x0+ E a; Alro.
i=0
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Therefore, the residual can be represented in the following manner,

r = b— Ax
k—1 )
= b-— Ax() — AZO@AlT’Q
1=0

k—1
= To— E OziAHl?”o
=0

k
= 79— Z ai—1A'rg
=1

= p(A)ro

where p(z) = 1— Zle a;_12". We'll define P as the set of k" degree residual polynomials, that
is, the set of polynomials p(z) such that the degree of p is k and p(0) = 1. Since xj, satisfies
Eq. A.18, we have the following theorem.

Theorem 6. Suppose A is a nonsingular matriz and let x;, be the k' GMRES iterate, satisfying
Eq. A.18. Then, for all pr € Py, we have,

[7kll2 = min |[p(A)roll2 < [lpk(A)roll2.
PEP

Theorem 6 leads directly to the following corollary.

Corollary 1. Let A be a nonsingular matriz and let x;, be the k" GMRES iterate, satisfying
Eq. A.18. Then for all px € Py, we have

Iall2 < llpe(A)ll2ll7oll2;

or

7k ll2
lI7oll2

< llpk(A)]l2- (A.19)

Equation A.19 grants us a method for analyzing the convergence of GMRES based upon
the spectrum of the matrix A. Furthermore, it allows us to prove that GMRES must converge

in at most n iterations when A is an n X n matrix.

Theorem 7. Let A be an n X n nonsingular matriz. Then GMRES will converge to the exact

solution in at most n iterations.

Proof. Let p(z) = det(A—zI). By definition, p has degree n and p(0) # 0, since A is nonsingular.
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Then

s _ P2)
Plz) = p(0)

is a residual polynomial. Furthermore, since every matrix A satisfies its characteristic equation,
p(A) = 0. Therefore, by Equation A.19,

HrnHQ S 07

which implies 7, must, in fact, be zero and thus x, = x*. O
In the case in which A is diagonalizable, Equation A.19 can be simplified [15, 27].

Theorem 8. Suppose A is diagonalizable with nonsingular diagonalizing transform V  (i.e.
A=V~YAV). Then for all p € Py,

Tkll2
L2 <) s OV (A.20)

A.1.4 Other Krylov Methods

While GMRES is an excellent method for solving non-symmetric linear systems, it may not
always be a viable option. Within the GMRES algorithm, after k iterations, the k vectors that
span Ky are built and stored. If n is large and k becomes large, storage may become an issue.
Often times we may only be able to store a small number of vectors in our computer’s memory.
In this case, we must seek alternative methods.

These methods include GMRES(m) (or GMRES with restarts), TFQMR or BiCGStab. We

only mention these methods here and refer the reader to [15] or another suitable resource.

A.2 Nonlinear Iterative Methods

In this section, we’ll focus on solution methods for two types of nonlinear problems, fixed-point
problems and root-finding problems. The fixed-point problem will be considered first and takes

the form
x = K(z) (A.21)
where K is some nonlinear function. The root-finding problem will be expressed as

F(z) =0. (A.22)
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It should be apparent that some nonlinear problems may lend themselves to one form or the
other. At times, it may be convenient to switch forms of a problem in order to gain some
algorithmic advantage.

A.2.1 Nonlinear Equation Basics

Before discussing specific methods for solving Equations A.21 and A.22, we must present a few
definitions and theorems that will aid in our analysis of these algorithms. To begin, it will
be important to catalogue these methods based upon their convergence rates. The following

definition allows us to classify these convergence rates [15].
Definition 8. Let {x,} be a sequence in R™ and take x* € R™. Then

e x, = =¥ g-quadratically if x,, — x* and there is a constant C > 0 such that

|zn41 = 2*[| < Cllzn — 2™ (A.23)

o 1, — x* g-superlinearly with q-order o > 1 if x,, — x* and there is a constant C > 0
such that

a1 — &Il < Cllaw — 2| (A.24)

o x, — x* g-superlinearly if

lim W =2 (A.25)

n—oo ||lzy — a*||
o x, = x* g-linearly with g-order B € (0,1) if

st — 2| < Blle, — 7). (A.26)

for n sufficiently large.

When considering Newton’s method we must be familiar with the Jacobian matrix and the

Fundamental Theorem of Calculus.

Definition 9. Let F(z) be a function from R™ to R™. If each component of F' is differentiable
at x € R™, then we define the Jacobian matriz J(x) = F'(x) by

_90fi

- 8xj

F'(z);; (7). (A.27)
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Theorem 9. Let f be a real-valued function on the closed-interval [a,b] and suppose F is an

antiderivative of f in [a,b]. Then,

b
F(b) — F(a) = / f(z) dx. (A.28)
a
However, this formulation (Theorem 9) of the Fundamental Theorem of Calculus does not
suit our needs. Instead, we’ll express it as follows [15]:
Theorem 10. Let F' : R™ — R"™ be differentiable in an open set 2 C R™ and suppose z* € Q.
Then, for all x € Q sufficiently close to x*, we have
1
Plz) — F(z") = / Fla* 4t — ) (@ — ) dt. (A.29)
0
Before continuing, we must introduce the concept of Lipschitz continuity and the related
concept of contraction mappings [15].

Definition 10. Let Q C R" and let G : © — R™. G is said to be Lipschitz continuous on )
with Lipschitz constant v if

IG(z) = G| <Allz -y (A.30)

for all x, y € Q.

Definition 11. Let Q@ C R". K : Q@ — R" is a contraction mapping on ) if K is Lipschitz

continuous on £ with Lipschitz constant v < 1.

A.2.2 Nonlinear Fixed-Point Problems

In this section we’ll discuss two methods for solving non-linear problems described by Equation
A.21. The first method is aptly named fized-point iteration, but has also been called Picard
iteration throughout this thesis. We’'ll let «* denote a solution to the fixed-point problem
x = K(x) and refer to z* as a fized-point.

Picard iteration, or fixed-point iteration, begins with some initial iterate xy and simply

computes the successive iterates by evaluating the fixed-point map at the previous iterate,
Tpy1 = K(zp). (A.31)

This method for solving Equation A.21 is very simple to implement, but may suffer from slow

convergence. The following theorem [15] characterizes the convergence of fixed-point iteration.
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Theorem 11. Let Q) be a closed subset of R™ and let K be a contraction mapping on £ with
Lipschitz constant v < 1 such that K(x) € Q for all x € Q. Then there is a unique fized-point
of K, z* € Q, and the iteration defined by A.31 converges g-linearly to x* with g-factor ~y for

all initial iterates xg € Q.

Often times, this g¢-linear convergence may be too slow for our given application. In this
case, it would be ideal to accelerate the solution to Problem A.21. We may employ Anderson
Acceleration [29] to accelerate the fixed-point iteration. Anderson Acceleration was described
in Section 2.4.

Unfortunately, for general nonlinear problems, the theory for Anderson Acceleration is weak.
It has been noted [24, 9] that there is a relationship between Anderson acceleration and quasi-
Newton updating, however that is beyond the scope of this thesis. For linear problems it has
been shown that Anderson acceleration is related to GMRES [29].

A.2.3 Root Finding

In this section we wish to solve the problem described by Equation A.22. We will use Newton’s

method to solve these problems. Newton’s method is given by the formula
Tpi1 = Tn — F'(x) ' F(zn) = 2, + 5. (A.32)

where s is the Newton step, given by s = —F'(x,,) "1 F(z,,).

The main convergence results for Newton’s method follows [15]:

Theorem 12. Suppose there exists an x* € R™ such that F(z*) = 0, F' : Q — R™" s
Lipschitz continuous with Lipschitz constant v, and F'(x*) is nonsingular. Then, there exists
K >0 and § > 0 such that if |z, — x| < & the Newton iterate from Formula A.32 satisfies

len+all < Kllen]|*.

While Theorem 12 does not guarantee convergence, the following theorem demonstrates

local convergence.

Theorem 13. Suppose there exists an x* € R™ such that F(z*) =0, F' : Q — R™*™ is Lipschitz
continuous with Lipschitz constant v, and F'(z*) is nonsingular. Then there is a § > 0 such
that if ||xo — z*|| < 0, the Newton iteration

Tpy1 = Ty — F'(2,)  F(2)

converges q-quadratically to x*.
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Generally, we terminate Newton’s method when the norm of the residual is below some

tolerance. However, in many instances we set a relative tolerance as well, and terminate when
[1F ()] < 7| F (o) + 7a- (A.33)

Often times, including the entirety of this thesis, forming and storing the Jacobian matrix
would require too much computation to be feasible. When computing the Newton step, s, we

never actually invert F'(x,)~!. Instead, we solve the following linear system for s,
F'(xp)s = —F(xy). (A.34)

Fortunately, with this formulation of the problem, we never need to compute F’(z;). In-

stead, we compute the Jacobian-vector product, F’(x,)s. This product can be approximated
by

F(xy, + hs) — F(xn)

F'(z,)s =
(a)s )

(A.35)

When the only error in the computation of F' is machine roundoff, €,,4.1, We generally choose

h = \/Zmach ot h = 107" [15].

Now, Equation A.34 can be solved using our choice of Krylov methods. Recall from our
discussion on Krylov methods that they do not require a representation of the matrix, only a
matrix-vector product routine. Since our solution to Equation A.34 is no longer “exact,” we
expect that we may take a small performance hit in the convergence of Newton’s method. This

is, in fact, the case [15] and is characterized by Theorem 14.

Theorem 14. Suppose there exists an x* € R™ such that F(x*) =0, F' : Q@ — R™" is Lipschitz
continuous with Lipschitz constant 7, and F'(z*) is nonsingular. Then there is a § > 0 such
that if ||xo — 2*|| <&, {nn} C [0,n] with n <7 < 1, then the inexact Newton iteration

Tptl =Ty + 8
where
[F"(2n) s + F(zn) || < mnl|F(x0) ]|

converges q-linearly with respect to || - || to x*. Furthermore,

e ifn, — 0, then the convergence is q-superlinear, and

o if Ny < Ky||F(xy)||P for some K; > 0, then the convergence is g-superlinear with g-order
1+p.
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In some cases, it may be difficult to compute or find an z¢ such that ||zg — z*|| < J so
that the iteration converges as the theorems predict. In this case, we add a line-search to the
algorithm. In general, the Newton step may point in the correct general direction of the root,
however the magnitude of the Newton step may be far too large. The line-search allows us to
take a smaller step in the same direction. The algorithm for the line search is given in Algorithm
A23.

Algorithm A.2.3

Find s such that ||F'(z,)s + F(z,)|| < n||F(x)]|

Set A=1

while || F(z, + s)|| > (1 — a))||F(z)|] AND A > A\nin do
A=A/2

end while

if A < A\pin then
Terminate with Line Search Failure

else
Set xp+1 = xpn + As.

end if

This is a very simple version of the line search. In [15], the o parameter is chosen to be
10~%. One could choose to cut down the step length by any fraction o. In this case, we’ll
replace the A = A/2 step length reduction by A = o\ for o € (0, 1).

The line search should only activate during the initial phase of the iteration. Once our
iterates have entered the region of local convergence, the line search should never reduce step

lengths and we should see quadratic convergence for the remainder of the iteration.
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Appendix B

Numerical Eigenvalue Computations

Suppose we wish to solve the eigenvalue problem,
Az = Az, (B.1)

in which A has spectrum o = {\;}7; and |A1] > |X2| > |A3] > --- > |A,]. Throughout this
section we will assume that A is a nonsingular matrix so that |\,| > 0. Furthermore, suppose
that the dimension of the eigenspace associated with A; is 1. In this case, we can use the Power

Method [26] to approximate \j, and its associated eigenvector v;.

Algorithm B: Power Method

Choose approximate eigenvector .
n=20
while eigenvalue not converged do
Set yn11 = Axy,.
Set pin4+1 = «, where « is the element of y,4+1 with maximum magnitude.
Set rp41 = éyn—&—l-
Increment n =n +1
end while

Theorem 15. Let {vy,, Ay} be the set of eigenpairs of A and suppose \; is the eigenvalue

of A with mazimum magnitude and that nullity(A — \I) = 1. Furthermore, suppose

g = Z/Bzvz (B2)
i=1

in which B1 # 0. Then Algorithm B builds a sequence of vectors x,, and scalars p, such that
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Ty — U1 and fy — A1 aS N — 0.

Proof. Let us begin by considering repeated applications of the matrix A to the vector z,
n
AFgy = AF Z Bivi
i=1
n
= > BidMy,
i=1
n
= Z Bixyv;
i=1
- A1) v ®3)
i=1

As k tends to infinity, we have

for all ¢ # 1. Therefore, we have
lim Afzg = lim B vy, (B.4)
k—o0 k—o0

Clearly, this sequence diverges if \; > 1.

However, in Algorithm B, the normalization constant u; ensures that we have

[klloo =1
for all k. Thus, the sequence of iterates
Al‘o ACCl Al‘n—l
T = ,Tg = ey Ly = L (B.5)
|| Aol [ Ay ]| " [[Aza
converges to vy in which ||vi|| = 1. We can see that u, — A1 by noticing
/\11)1 = Av1
Mlffor]l = [|Av
A= [[Av.
O

Equation B.3 allows us to determine the rate of convergence for the power method quite
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k
easily by recalling that (i‘—;) tends to zero for all ¢ # 1. Therefore, we can conclude that this

method converges at a rate of O(|r|¥), in which

_ M
=

r (B.6)
where we have ordered the eigenvalues in order of decreasing magnitude.

We could also apply the power method to A~!. The eigenpairs of A~! are {uv;, )\%}?:1 Here,
the v;’s and \;’s are the same eigenvectors and eigenvalues as described for the matrix A. In
this case, the power method applied to A~!, known as the Inverse Power Method, will converge

to the eigenvalue with the smallest magnitude, A, and its associated eigenvector v,, at a rate

k k
:0( ) ®.7

Furthermore, suppose we wish to compute an arbitrary eigenvalue, );, and we have some

1
>\n—1
1

An

An

O
An—l

approximation to this eigenvalue, o, which satisfies
|Aj| = min|\;|. (B.8)

It is easy to see that the set of eigenpairs for A — oI is {v;, \; —o}";. In this case, the inverse

power method applied to A — ol will converge to n; = A\j —o. We can see that this method
N —olf

o< B.9

(\ 0 ) , (.9

A= ol = min |\ — ol (B.10)
17]

will converge at a rate

where

If o is chosen very close to A; we can expect especially fast convergence. This method is known
as the Shifted Inverse Power Method.

This allows us to accelerate convergence to the dominant eigenvalue, A1, if we can come up
with a reasonably accurate approximation. For example, consider applying the power method

to a matrix A in which A1 = .995 and Ay = .990. The dominance ratio for this matrix is

189



p ~ .99497. Suppose we wish to decrease the error by a factor of 1075, Then, we have

Ag)k
e < — e
el < (32) teol
lesll (&)’“
leoll A1

lex Ao
1 < kil —
Og(\reor = PN

_
o
o3
=
N
SlE
N———
IN
5

Substituting A1, As, and our desired relative reduction in error suggests we will need 2286
iterations to converge.

Let us consider the same example, but apply the shifted inverse power method using o = 1.
Then, we have A\ —o = —.005 and Ay —o = —.010. This effectively has changed the dominance
ratio to p = .5. Now, we can achieve the desired error reduction in only 17 iterations. While
this example was built specifically to display the potential advantages of the shifted inverse

power method, we often see a drastic reduction in the number of iterations in practice as well.
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Appendix C

Monte Carlo Error vs. Truncation

Error

When developing hybrid methods, we noted that the motivating reason for turning to stochastic
methods is the lack of discretization error. Monte Carlo methods can be free of spatial, angular
and energy group discretization error. By attempting to accelerate these Monte Carlo solutions
using deterministic acceleration techniques, an interesting question arises. Has the low-order
system introduced a spatial discretization error that pollutes the pure Monte Carlo calculation?

We'll attempt to quantify both the discretization error which arises from the solution to the
low-order equation and the Monte Carlo error. If the discretization error from the low-order
problem is considerably less than the Monte Carlo error, we believe that this discretization

error will be lost in the noise of a Monte Carlo simulation.

C.1 Error Quantification Methods

In this section, we will discuss the numerical methods which we use in an attempt to compute
the constants in the error terms for both the low-order discretization error and the Monte
Carlo noise. It is important to note that we are not trying to derive exact error estimates. For
this analysis, it is more important to gain approximate error bounds or obtain the order of

magnitude of the error.

C.1.1 Low-Order Truncation Error

We know that the discretization used for the low-order problem is second-order accurate. There-

fore, for a given problem, the error behaves like

E(h)=C-h*
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We’d like to be able to approximate the value of C.

In order to do this, we will work under the assumption that the value of D is known every-
where throughout the domain. We can realize this assumption to high-accuracy by computing
a very high-accuracy solution to the transport equation using an extremely fine mesh, with
mesh width h. On this fine mesh, we will also compute the value of D. We will use the solution
¢* on this mesh as a “true solution” for subsequent calculations.

Now, we will choose a series of mesh widths, --- > 16 H > 8H > 4H > 2H > H > h. On
each of these meshes, we will solve the low-order problem and compare their solutions to the
benchmark solution, ¢*. To solve each of these low-order problems, we will evaluate D from
the fine-mesh solution at the appropriate grid points. We’ll use the true solution and current

to provide boundary conditions as well.

C.1.2 Monte Carlo Error

In 1-D, the Monte Carlo error is determined mostly by the length of each cell in terms of mean
free paths and the number of particles used. Furthermore, the Monte Carlo error is directly
proportional to the strength of the source term.

In order to quantify the Monte Carlo error, we will compute the error which results from

solving

9y

M%-l-zt@b = Q)

Qr) = 1
for various values of the spatial mesh width (h), length of the medium (7), number of particles

(Nare) and total cross-sections (X;). We expect the error to decay like the variance,

1
Nuc

E(NMc,h,T,Zt) :C(h,T,Zt) .

For each combination of h, 7 and 3; that we investigate, we will run simulations using 10°,
106, 107, 10%, 10° and 10'° particles per transport sweep. We will run 20 simulations with each
particle count and use a weighted average of all of the simulations to compute a true solution,
¢*. Then, for each of the simulations, we will use this true solution to compute an error,
0" — ¢llco. We will then compute an average error associated with each particle count. Using
these average errors, we will attempt to approximately back-out the constant in the Monte

Carlo error term.
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C.2 Numerical Results

First, we will display the computational results for the low-order truncation error. The problems

which we tested are given by

0 1
pIl b = Sleo+ Q)]

where @ = 1. We let the scattering ratio, ¢, and the length of the domain vary. The error term

constants for various problems have been computed and are displayed in Table C.1.

Table C.1: The LO truncation error constant is determined by the scattering ratio and the
length of the domain in terms of mean free paths.

Scattering Ratio | Length of Domain (MFPs) | ||¢*||s | Error Term Constant
7 .001 .0035 .0324
7 .01 .029 12
7 . 19 145
7 1 1.21 14
7 10 3.29 .09
9 .001 .0035 108
9 .01 .030 1.4
9 . .20 .04
9 1 1.55 .075
9 10 9.04 072
.99 .001 .0035 .00109
.99 .01 .030 .004
.99 21 .0053
.99 1 1.78 .0095
.99 10 34.5 .0044

We plot this data and data for additional scattering ratios in Figure C.1. We can see that
the constant is very tightly correlated to both the scattering ratio and the length of the domain.
We notice that for domain lengths less than a mean free path, if the absorption ratio (1 — ¢)
increases by a factor of 10, the error term constant increases by roughly a factor of 10. Beyond
one mean free path, the error constants all appear to trend towards a value between .001 and
.01. With a constant source term, as the domain gets larger the solution approaches a constant
value in the interior of the domain, sloping off sharply near the boundaries. For these problems,

the largest error occurs in these regions where the scalar flux changes rapidly.
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Error Term Constants for Varying Domain
Lengths and Scattering Ratios
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Figure C.1: Low-Order Solution Error Term Constants as a function of the scattering ratio and
domain length.
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Now, we turn our attention to the computation of the constant in the Monte Carlo error
term. In the computation of these error constants we have held ¥; = 1. Changing >; only
changes the length of the domain in terms of mean free paths, which is already being controlled
by 7. In the case of a heterogenous domain, both ¥; and 7 should be varied since cells in
different areas of the domain will have different lengths in terms of mean free paths. In Table

C.2, we display the computed constant in the error term:

Table C.2: Monte Carlo error term constants are determined by the length of the medium and
the number of cells used.

N \T 1 10 | 100 | 1000 | 10000
10 21 | 42| 52| 438 4.7
100 4.5 | 11 | 20 22 23

1000 | 7.2 | 19 | 46 79 90

10000 | 11.1 | 28 | 80 | 170 298

This data in this table behaves like expected. By increasing 7 each cell gets wider and each
particle can contribute less information to the tally in that cell. Furthermore, as N, increases,
the cell average flux has less particles contributing to the tallies. Thus, as N, and 7 increase,
so does the constant in the error term. These error term constants have been plotted on a
log-log-log scale in Figure C.2.

Tables C.1 and C.2 allow us to get a rough estimate of the number of particles per Monte
Carlo transport sweep we need to use in order to match the Monte Carlo error and the LO
truncation error for a given configuration (scattering ratio, length of domain, and number of
cells).

For example, suppose we wish to solve the transport equation for ¢ = .9 and 7 = 10 using
100 cells. In this case, the LO truncation error term constant is .072. So, using 100 cells we

have h = .1, and the LO truncation error is
Ero ~ .072 x h? = .00072.

Now, the Monte Carlo error term for 7 = 10 and N, = 100 is roughly 11 for a unit source.
Since we know that near the solution, the scalar flux grows as large as 9.04, our source term

can be bounded by

S = %{cm Ql < %[.9 L9044 1] < 457,
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Constant in Error Term as a Function of
Domain Length and Number of Cells
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Figure C.2: Monte Carlo Error Term Constants as a function of the number of cells and domain
length.
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Now, we seek a number of particles IV such that

11 x 4.57
VN

Solving for N tells us we’d need roughly 4.87 x 107 particles to achieve a similar level of error

0072 ~

in both the LO solve and the Monte Carlo transport sweep. It is important to note that the
bound on the scalar flux need only be approximate, so using a diffusion solution in order to
evaluate this value would be practical, since the true solution is unknown.

If we decide that the error in this simulation would be too large, we increase the number
of spatial cells and re-compute the number of particles required to achieve a Monte Carlo
error at the same level of the truncation error. Suppose we do this for the same problem with
N, = 1000. In this case, it would require 1.45 x 10 particles to match the errors. This number
of particles is probably impractical, so for this configuration, we would be guaranteed that the

LO truncation error is far smaller than the Monte Carlo error near the solution.
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Appendix D

Pure Monte Carlo Computations

In this Appendix, we’ll consider the computation of the k-eigenvalue for one of the 1-D Test
problems consider in Chapters 4 and 6. The cross-sections and domain parameters are given
by:

Yp=1 ¥,=.856 vX;=.144 (fissile region)
Yp=1 ¥,=.856 vX;=0 (reflector region)
7t = 50 (length of fissionable region)

7 =5 (length of reflector region)

We estimate the dominance ratio for this problem to be roughly p = .94. As far as eigenvalue
problems go, this dominance ratio is on the low side, as many times we see dominance ratios
that exceed .99.

Even at this low dominance ratio, analog Monte Carlo requires an abundance of particle
histories to compute the eigenvalue. This is demonstrated in Figures D.1 - D.8. In Figures
D.1, D.4 and D.7, we plot the history of the eigenvalue, the computed eigenvalue and two lines
representing a relative error of 107> above and below the computed eigenvalue. In Figures D.2,
D.5 and D.8, we plot the history of the Shannon Entropy over the active cycles.

For these tests, we used 10%, 106 and 107 particles per active cycle, respectively. At the end
of each of these three simulations, a total of 4 x 10?, 10'° and 10'° particles per simulation,
respectively. On average, each particle undergoes 6.9 flights before leaving the medium or being
absorbed. As we can see, for each of these tests, the Shannon entropy is still slowly changing, as
is the eigenvalue. In Figures D.3, D.6, and D.9 we see that the change in the Shannon Entropy
from cycle to cycle is decreasing as the iteration progresses. Using 107 particles per active cycle,
the eigenvalue appears to be nearly converged.

Given these results, we can make a few comments regarding pure Monte Carlo eigenvalue
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Analog Monte Carlo Eigenvalue Computation
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Figure D.1: Convergence history of the eigenvalue using 40000 active cycles with 10° particles
per cycle.

computations. First of all, it can be difficult to determine when an analog Monte Carlo com-
putation has converged. Here we have no nonlinear residual which measures how close the
computed eigenpair is to the true solution. Furthermore, often times at early stages of the iter-
ation, two consecutive computations of the eigenvalue may fall extremely close to one another,
however the eigenvalue is far from converged.

Secondly, the Shannon entropy is a good metric for convergence. As the Shannon entropy
stops changing from cycle to cycle, so does the eigenvalue. Lastly, it is hard to draw head to
head comparisons between hybrid methods and pure Monte Carlo computations. At the end of
these three simulations, a total of roughly 2.8 x 10'°, 6.9 x 10'°, and 6.9 x 10'° particle flights
have been simulated. When solving the problem using hybrid methods, a total of 3.2 x 1019,
flights had been simulated. However, using the hybrid method, we have more confidence that
the eigenvalue has converged to the desired tolerance. These eigenvalues agree to four digits
which gives us confidence that the low-order mesh has not injected significant discretization

error.
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Shannon Entropy
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Figure D.2: Shannon Entropy history using 40000 active cycles with 10° particles per cycle.
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Change in Shannon Entropy from Cycle to Cycle
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Figure D.3: Change in Shannon Entropy from cycle to cycle using 40000 active cycles with 10°
particles per cycle.
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Analog Monte Carlo Eigenvalue Computation
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Figure D.4: Convergence history of the eigenvalue using 10000 active cycles with 10° particles
per cycle.
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Figure D.5: Shannon Entropy history using 10000 active cycles with 10% particles per cycle.
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Change in Shannon Entropy from Cycle to Cycle

—11
]0 1 1 1
10 10 0 10° 10"
Active Cycles

Figure D.6: Change in Shannon Entropy from cycle to cycle using 5000 active cycles with 10°
particles per cycle.
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Analog Monte Carlo Eigenvalue Computation

0.99195 ——T T
099104 T TSI T T T T s s T
0.99193F"
U L
Q
=
<
Z 099191}
o)
.20
43
0.99190
0.99189F — Eigenvalue History
+ Computed Eigenvalue
099188 —~~ == Eigenvalue + 1 pcm | ]
----- Eigenvalue — 1 pcm
0.99187 ——— — E—
10” 10’ 10° 10°

Active Cycles

Figure D.7: Convergence history of the eigenvalue using 1000 active cycles with 107 particles
per cycle.
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Shannon Entropy
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Figure D.8: Shannon Entropy history using 1000 active cycles with 107 particles per cycle.
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Change in Shannon Entropy from Cycle to Cycle
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Figure D.9: Change in Shannon Entropy from cycle to cycle using 1000 active cycles with 107
particles per cycle.
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